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Abstract 

The  civilian  and  militaiy  need  for  high  resolution  infrared  imagery  has  dramatically  increased  in 
recent  times.  Regardless  of  the  user  or  the  need,  infrared  imagery  can  provide  unique  information  that  is 
not  available  in  the  visible  region  of  the  electromagnetic  spectrum.  Just  as  the  need  for  real  infrared 
imagery  has  increased,  so  has  the  need  for  computer  generated  infrared  imageiy,  also  known  as  synthetic 
imagery.  Synthetic  imagery  is  created  by  mathematically  modeling  the  “real  world”  and  the  imaging 
chain,  encompassing  everything  from  the  target  to  the  sensor  characteristics.  The  amount  of  faith  that  can 
be  placed  in  a  synthetic  image  depends  on  its  accuracy  in  recreating  the  real  world.  The  Digital  Imaging 
and  Remote  Sensing  Image  Generation  Model  (DIRSIG)  at  the  Rochester  Institute  of  Technology  (RIT) 
attempts  to  model  the  real  world.  It  creates  synthetic  images  through  the  integration  of  scene  geometry, 
ray-tracer,  thermal,  radiometry,  and  sensor  submodels.  The  focus  of  this  project  lies  in  evaluating  the 
ability  of  DIRSIG  to  recreate  the  imaging  chain  and  produce  high  resolution  synthetic  imagery.  DIRSIG 
synthetic  imagery  of  the  Kodak  Hawkeye  plant  and  the  surrounding  area  was  compared  to  aerial  infrared 
imagery  of  the  same  region  using  root  mean  square  error  and  rank  order  correlation.  This  comparison 
helped  to  validate  the  output  from  DIRSIG  and  detect  inadequacies  in  the  image  chain  model.  In  addition 
to  validating  DIRSIG,  a  procedure  for  optimizing  the  input  parameters,  incorporating  a  sensitivity 
analysis,  was  developed.  This  reduces  the  time  involved  in  creating  a  realistic  and  accurate  synthetic 
image. 
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1.0  Introduction 


A  new  tank  with  a  low  thermal  signature  has  recently  been  designed  by  a  foreign 
country.  Will  the  tank  be  detectable  by  existing  heat  seeking  missiles  or  does  a  new 
infrared  (IR)  sensor  need  to  be  designed  for  the  missile?  -  Or  can  improvements  be  made 
to  the  computer  algorithms  of  the  existing  missile  to  detect  the  new  tank?  While  it  would 
be  difficult,  if  not  impossible,  to  determine  an  answer  to  these  questions  without  the  actual 
use  of  the  foreign  tank,  computer  models,  based  on  the  first  principles  of  physics,  can 
actually  be  used  to  answer  these  questions  before  the  military  forces  ever  encounter  the 
foreign  tank  in  a  real  world  situation  when  lives  may  be  at  risk. 

With  the  increasing  capabilities  of  computers  in  the  last  20  years,  the  ability  to  model 
real  world  situations,  such  as  this  hypothetical  scenario  involving  a  low  thermal  signature 
tank,  has  dramatically  increased.  Specifically,  this  increase  in  computing  speed  and  power 
has  led  to  the  development  of  artificial  images  that  can  be  used  in  computer  animation, 
flight  simulation,  and  computer  aided  design  and  manufacturing.  This  process  of 
developing  artificial  images  is  known  as  synthetic  image  generation  (SIG).  Synthetic 
images  are  useful  in  a  vast  array  of  imaging  problems.  They  can  be  used  to  train  analysts 
on  the  appearance  of  a  target  under  different  meteorological  conditions,  times  of  day,  and 
look  angles.  In  addition,  SIG  can  be  used  to  help  designers  evaluate  various  sensor 
systems  before  the  actual  hardware  is  fabricated.  Synthetic  images  can  also  help 
determine  the  optimum  acquisition  parameters  for  a  real  imaging  system  by  predicting  the 
time  at  which  the  greatest  contrast  or  resolution  will  be  obtained  for  the  desired  targets. 
The  result  is  a  large  savings  in  research  and  development  cost  as  well  as  increased 
performance  and  operational  capabilities. 

While  synthetic  images  can  be  created  in  virtually  any  region  of  the  electromagnetic 
spectrum,  images  created  in  the  long  wave  (8-14|j.m)  and  mid  wave  (3 -5  pm)  infrared 
regions  offer  unique  signatures  compared  to  the  visible  region.  Synthetic  images  in  the 
LWIR  and  MWIR  are  primarily  influenced  by  the  thermal  properties  and  emissivities  of 
the  objects  in  the  scene.  These  infi-ared  images  prove  useful  in  analyzing  the  thermal 
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characteristics  and  signatures  of  objects,  viewing  objects  in  simulated  night  conditions,  and 
finding  objects  hidden  or  obscured  by  other  visible  features.  While  scale  models  of  the 
real  world  are  often  created  for  analysis  of  sensor  systems  in  the  visible  region,  it  is 
extremely  difficult  and  often  impossible  to  build  miniature  models  with  accurate  thermal 
characteristics.  Thus,  synthetic  images  are  one  of  the  only  ways  to  predict  the 
performance  of  an  infrared  sensor  system. 

The  usefulness  of  these  synthetic  images  is  negated  if  the  output  does  not  closely 
imitate  the  real  world.  As  a  result,  the  output  from  SIG  must  be  evaluated  and  assessed 
according  to  criteria  such  as  spectral  and  radiometric  accuracy,  geometric  fidelity, 
robustness  of  application,  and  speed  of  image  generation  (Rankin  1992).  Depending  upon 
the  application  and  use  of  the  synthetic  image,  these  criteria  will  have  differing  weights  of 
importance.  If  the  goal  of  the  SIG  process  is  to  produce  visually  appealing  pictures, 
radiometric  fidelity  will  be  of  little  importance  while  speed  of  image  generation  may  be 
favored.  However,  in  most  technical  applications,  the  speed  of  image  generation  is 
sacrificed  for  radiometric  fidelity. 

The  focus  of  this  project  is  validating  the  Digital  Imaging  and  Remote  Sensing  Image 
Generation  (DIRSIG)  model  by  comparing  DIRSIG  imagery  with  real  airborne  imagery. 
While  DIRSIG  was  validated  in  the  IR  region  in  1992  by  Rankin,  several  modifications 
have  been  incorporated  into  DIRSIG  since  this  validation  (Schott  et.  al.,  1994).  This 
validation  will  test  some  of  these  modifications  as  well  as  the  robustness  of  DIRSIG  as  the 
synthetic  images  are  compared  to  infrared  imagery  taken  at  different  times,  look  angles, 
and  locations.  An  algorithm  for  modifying  and  optimizing  the  object  material  parameters 
was  also  developed  in  an  attempt  to  reduce  the  time  required  to  develop  accurate  synthetic 
images. 

In  validating  DIRSIG  and  analyzing  the  input  parameters,  the  project  was  divided 
into  smaller  tasks.  The  fist  step  was  to  define  the  exact  goals  and  objectives  of  the 
project.  The  actual  principles  involved  in  the  creation  of  a  real  image  were  then  examined 
to  provide  a  better  understanding  of  the  modeling  process.  Other  synthetic  image  models 


2 


were  researched  to  determine  the  weaknesses  and  strengths  of  DIRSIG.  The  process  of 
generating  a  DIRSIG  synthetic  image  was  explained  next.  All  this  background  knowledge 
led  to  a  technical  approach  that  could  be  used  in  achieving  the  defined  objectives.  The 
actual  experimental  validation  of  DIRSIG  was  then  described  in  detail,  followed  by  the 
sensitivity  analysis  and  optimization  of  the  input  parameters.  Recommendations  for 
improvements  and  future  work  conclude  the  discussion  of  this  project. 


3 


2.0  Objectives 


2.1  DmSIG  Validation 

While  DIRSIG  was  validated  using  ground  truth  data  in  the  IR  region  in  1992  by 
Rankin,  synthetic  images  from  DIRSIG  have  never  been  extensively  compared  or 
validated  with  actual  aerial  imagery;  the  primary  validation  prior  to  this  work  used  roof¬ 
top  imaging  scenarios.  As  a  result,  the  validations  have  not  truly  explored  the  limitations 
of  DIRSIG  and  its  ability  to  model  real  aerial  imagery. 

Rankin’s  validation  focused  on  the  DIRSIG  submodels  and  the  sensitivity  of  the 
output  image  to  errors  in  various  input  parameters.  Each  of  the  DIRSIG  subroutines  were 
validated  individually  and  recommendations  were  made  to  improve  the  synthetic  images. 
These  recommendations  included  adding  fractional  specularity  and  transmissivity, 
improving  the  shape  factor  computation,  adding  more  materials  to  the  material  parameter 
database,  modeling  clouds  in  the  scenes,  and,  finally,  improving  the  thermal  model.  Based 
upon  these  recommendations,  DIRSIG  has  been  modified  to  include  fractional  specularity, 
transmissive  objects,  and  clouds.  However,  some  of  the  other  options  have  not  yet  been 
implemented. 

This  validation  concentrates  on  examining  DIRSIG’ s  current  ability  to  recreate  the 
entire  imaging  chain,  from  end  to  end  (excluding  optical  and  noise  effects  -  DIRSIG  has 
these  capabilities  but  they  were  not  complete  at  the  time  of  validation),  without  the  ability 
to  examine  each  submodel  that  is  used  in  the  creation  of  the  final  synthetic  image. 
However,  it  is  still  possible  to  modify  the  input  parameters,  such  as  the  weather  file  and 
material  file,  to  improve  the  radiometric  accuracy  of  the  final  synthetic  image.  The  testing 
also  differs  from  the  previous  validation  in  that  it  further  explores  DIRSIG’ s  ability  to 
include  atmospheric  attenuation  and  sensor  geometric  effects  in  the  final  results. 

Following  this  goal  of  trying  to  evaluate  the  ability  of  DIRSIG  to  model  the  real  world, 
several  images  taken  with  different  imaging  systems  and  parameters  will  be  used  in  the 
validation.  The  primary  comparison  and  validation  will  be  accomplished  with  imagery 
from  a  Bendix  line  scanner.  Once  the  synthetic  image  closely  matches  the  primary  truth 
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imagery  and  the  individual  material  properties  of  all  the  facets  have  been  determined,  the 
same  scene  is  compared  to  the  secondary  truth  imagery.  The  secondary  set  of  truth 
imagery  from  an  Inframetrics  camera  greatly  differs  from  the  Bendix  truth  imagery.  The 
Inframetrics  imagery,  which  was  acquired  at  a  different  time  and  under  different 
atmospheric  conditions,  will  help  test  the  robustness  of  DIRSIG  in  modeling  imaging 
conditions  of  the  same  target  scene. 

In  conjunction  with  the  validation  of  DIRSIG,  a  primary  objective  is  to  create  a 
complex  and  realistic  scene  that  can  be  used  in  future  studies  and  testing.  Synthetic 
imagery  provides  a  usefiil  tool  to  test  image  algorithms  and  analysis  techniques,  but  it 
must  closely  resemble  the  real  world.  The  scene  that  is  developed  for  the  validation  will 
provide  this  capability.  It  will  bridge  the  gap  between  the  past  validation  of  DIRSIG, 
where  a  simple  scene  with  known  test  targets  was  used,  and  real  imagery,  where  little 
actual  information  is  known.  In  order  to  make  the  scene  as  realistic  as  possible,  the  scene 
must  contain  the  complex  interactions  between  objects,  including  buildings,  houses,  trees, 
and  other  structures  that  are  found  in  the  real  world.  This  requires  extensive  research  of 
the  objects  in  the  scene  so  that  they  can  be  recreated  accurately.  The  research  and  effort 
in  building  the  scene  was  shared  with  Russell  White  who  will  validate  DIRSIG  in  the 
visible  region  of  the  electromagnetic  spectrum.  The  validation  of  common  targets  in  the 
two  regions  of  the  spectrum  provides  a  quality  check  of  the  target  parameters.  The 
parallel  validation  also  allowed  the  concentration  on  a  single  validation  scene.  This 
reduced  the  time  required  to  build  the  scene,  and  allowed  a  more  complex  scene  to  be 
created. 
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2.2  Input  Parameter  Analysis  &  Optimization 

In  addition  to  validating  DIRSIG,  a  procedure  for  optimizing  the  synthetic  image 
input  parameters  was  developed.  Previously,  a  trial  and  error  process  was  used  to  modify 
the  input  parameters  until  the  synthetic  image  closely  resembled  the  truth  imagery.  A 
better  method  for  determining  these  input  parameters  is  needed  to  reduce  the  time 
required  to  generate  an  accurate  synthetic  image.  This  is  accomplished  by  first 
determining  the  bounds  or  limiting  values  for  each  of  the  input  parameters,  and  then 
determining  the  effect  of  each  input  on  the  synthetic  image.  This  step  alone  is  an 
improvement  over  the  trial  and  error  guessing  process  that  was  previously  used. 

While  bounding  values  are  helpful  in  determining  the  range  of  values  for  the  input 
parameters,  the  most  effective  way  to  fine  tune  the  input  parameters  requires  a  sensitivity 
analysis  of  all  the  parameters.  A  sensitivity  analysis  shows  which  parameters  create  the 
largest  changes,  and  therefore,  most  probable  error  in  the  synthetic  output  image.  The 
parameter  with  the  highest  sensitivity  can  then  be  altered  first  to  try  and  match  the 
synthetic  and  real  imagery,  or  a  combination  of  the  most  sensitive  parameters  can  be 
altered  to  create  the  desired  output.  In  addition,  a  confidence  interval  in  the  estimation  of 
the  input  parameters,  i.e.  an  estimated  error,  should  be  developed  for  each  input.  Similar 
to  the  sensitivity  analysis,  this  will  indicate  which  parameters  are  most  likely  to  cause  error 
in  the  output  image.  The  sensitivity  analysis  and  the  error  estimation  will  provide  tools  for 
the  input  parameter  optimization  process.  For  example,  a  large  error  in  the  estimation  of  a 
material  parameter  can  be  tolerated  if  the  output  image  is  not  sensitive  to  variations  in  that 
variable;  however,  it  would  be  essential  to  alter  a  parameter  with  a  large  error  in  its 
predicted  value  if  the  image  is  highly  sensitive  to  that  parameter.  This  method  of  fine 
tuning  the  material  parameters  will  likely  reduce  the  time  to  generate  synthetic  images 
while  also  establishing  guidelines  for  eventually  automating  the  selection  and  modification 
of  the  material  parameters. 

Images  of  the  same  region  of  interest  acquired  under  different  imaging  conditions, 
such  as  a  nadir  versus  oblique  look  angle,  or  morning  versus  night  acquisition,  are  also 
likely  to  aid  in  modifying  the  material  parameters.  It  is  unlikely  that  a  material  has  the 
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exact  same  appearance  under  different  imaging  conditions.  The  multiple  images  of  the 
same  scene  may  provide  insight  into  the  reflectivity  and  emissivity  of  the  objects  in  the 
scene.  For  example,  the  temperature  of  an  aluminum-sided  building  and  a  wood-sided 
building  that  have  been  warmed  by  direct  sunlight  will  be  vastly  different  when  compared 
to  the  respective  temperatures  on  a  cloudy  day.  On  a  sunny  day,  the  temperature  of  the 
aluminum  rises  rapidly  as  the  energy  from  the  sun  is  absorbed,  but  on  the  cloudy  day,  the 
temperature  of  the  aluminum  will  not  rise  as  much.  Similarly,  the  temperature  of  a  wood¬ 
sided  building  will  be  greater  on  a  sunny  day  than  on  a  cloudy  day.  However,  the  wood¬ 
sided  building  will  not  have  a  large  change  in  temperature  between  the  cloudy  day  and  the 
sunny  day  because  wood  has  different  thermal  properties  than  aluminum.  It  is  the 
difference  in  appearances  of  the  objects  that  can  help  indicate  some  of  the  thermal  material 
properties.  The  facet  material  parameters  can  then  be  adjusted  to  logically  account  for  the 
images  generated  under  the  different  acquisition  parameters.  The  use  of  multiple  images 
may  be  very  useful  in  defining  the  proper  material  parameter  values,  but  its  use  will  be 
limited  to  scenes  for  which  multiple  images  are  available. 
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3.0  Background 

3.1  The  Big  Equation 

In  order  to  understand  the  synthetic  image  generation  process,  it  is  first  necessary 
to  understand  the  physics  and  underlying  principles  that  are  involved  in  the  capture  of  a 
real  image.  The  first  step  is  to  visualize  how  the  observed  electromagnetic  radiation 
ultimately  reaches  the  sensor.  The  observed  radiance  at  the  front  end  of  the  sensor  is 
comprised  of  nine  different  photon  paths.  The  following  diagrams  show  the  different 
paths  that  electromagnetic  radiation  may  travel  before  reaching  the  sensor.  The  first 
diagram  shows  the  radiation  originating  from  solar  photons  while  the  second  diagram 
shows  the  radiation  resulting  from  self-emission  by  the  objects. 


Type  A  -  Directly  reflected  solar  photons  attenuated  by  the  atmosphere  and  clouds 
Type  B  -  Solar  Photons  reflected  from  the  background  onto  the  target 
Type  C  -  Solar  photons  scattered  by  the  atmosphere 
Type  G  -  Solar  photons  scattered  by  the  atmosphere  onto  the  target 


^ solar  ^photons  ^photons  ^photons  ^photons 

T  T 

=  E'  cos(7'  —  T^r2  +F-Ej^2.~'^2  +(^-F)- 
n  n 


(3.1) 
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Figure  3.2  -  Self-emitted  energy  photon  paths 


Type  D  -  Self-emitted  photons  from  the  target  attenuated  by  the  atmosphere 
Type  E  -  Self-emitted  photons  from  the  sky  reflected  by  the  target  to  the  sensor 
Type  F  -  Self-emitted  photons  from  the  atmosphere 
Type  H  -  Self-emitted  photons  from  the  background  reflected  by  the  target  to  the  sensor 


^  self -emission  ^photons  ^photons  ^photons  ^photons 


=  sLj,  F)r^  ■  +  L, 


n 


'usX 


(3.2) 


After  combining  these  two  equations,  Z,a  =  Lsoiar+Lseif-emisston,  the  total  spectral 
radiance  reaching  the  sensor  can  be  described  by  the  following  “big  equation”: 

n  n  1 

(1  -  F\L^^^  +  4^  (A)r2  (X)  +  4,;^  +  4,^ 

Es  -  Exoatmospheric  irradiance 
cosa  -  the  angle  from  the  target  normal  to  the  sun 
Ti  -  transmission  of  the  atmosphere  from  the  sun  to  the  target 
r2  -  transmission  of  the  atmosphere  from  the  target  to  the  sensor 
s(X)  -  target  emissivity 

Lt2.  -  self-emitted  radiance  from  target  at  temperature  T 
Edsx  -  solar  downwelled  irradiance 
Edex  -  self-emitted  downwelled  irradiance  from  the  sky 
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F  -  shape  factor  (amount  of  sky  hemisphere  that  the  target  can  see) 

1-F  -  the  percentage  of  the  atmosphere  that  is  blocked  by  the  background  object 

rd(^)  -  target  reflectance 
Lbsx  -  background  radiance  from  scattering 
Lbsx  -  background  radiance  from  self  emission 
Lusx  -  upwelled  radiance  due  to  scattering  of  the  atmosphere 
Fuel  -  upwelled  radiance  due  to  the  self  emission  of  the  atmosphere 

This  equation  represents  all  the  sources  of  radiation  that  are  of  significant 
importance  in  determining  the  radiance  that  reaches  imaging  systems  sensitive  to  0.3- 
14,5pm  wavelengths.  As  noted,  this  equation  is  dependent  upon  the  wavelength. 
Depending  upon  the  spectral  sensitivity  of  the  imaging  system,  this  equation  may  be 
simplified  by  neglecting  certain  terms  since  their  effects  are  minimal  at  those  wavelengths. 
While  both  solar  photons  and  self-emissive  photons  must  be  accounted  for  in  the  MWIR, 
solar  photons  are  of  little  importance  for  this  validation  and  can  be  neglected  in  the  8- 
14pm  LWIR  region  of  the  electromagnetic  spectrum. 
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3.2  Alternative  SIG  Models 


In  order  to  generate  any  synthetic  image,  several  inputs  must  be  defined  to  produce  the 
desired  objects  in  a  specified  environment.  For  almost  all  computer  models,  these  basic 
inputs  include  a  geometrical  representation  of  the  object,  an  atmospheric  transmission 
model,  radiation  sources  and  material  characteristics.  Some  models  also  include  texturing 
abilities  and  thermal  submodels.  The  overall  accuracy  of  the  final  synthetic  image  depends 
on  the  individual  accuracy  and  integration  of  these  submodels  as  well  as  the  intended  use  of 
the  synthetic  images.  Therefore,  it  is  beneficial  to  examine  other  SIG  models  to  learn  where 
improvements  might  be  made  to  the  current  DIRSIG  program. 

One  of  the  leading  computer  models  for  the  creation  of  accurate  radiometric  synthetic 
images  was  developed  by  the  Electromagnetics  Laboratory  of  the  Georgia  Tech  Research 
Institute  (Cathcart  and  Sheffer,  1988  a,  1988  b) .  This  SIG  program,  the  Georgia  Tech 
Visible  and  Infrared  Synthetic  Imagery  Testbed  (GT VISIT),  integrates  the  outputs  from  the 
submodels  MAX,  GTSIG,  IRMA,  and  MODELIR  to  create  a  synthetic  image.  Each 
GTVISIT  scene  is  comprised  of  two  main  aspects,  a  gridded  terrain  background  and  faceted 
objects  located  in  that  background.  The  gridded  database  consists  of  features  (material 
types),  elevations,  radiance  values,  and  thermal  IR  reflectances  where  the  elevation  and 
feature  data  may  be  real,  synthetic,  or  a  hybrid,  and  the  radiance  and  infrared  data  are 
determined  from  the  temperature  and  reflectivity  of  the  object.  The  following  diagram 
outlines  the  inputs  and  process  in  creating  a  GTVISIT  synthetic  scene. 


Figure  3.3  GTVISIT  Overview  (Cathcart  and  Sheffer,  1991) 
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Using  all  the  various  inputs  into  GT VISIT,  it  is  then  necessary  to  integrate  these 
parts  and  determine  the  total  radiance  reaching  the  sensor.  Different  models  propagate  the 
radiance  from  the  scene  to  the  sensor  through  several  techniques.  While  DIRSIG  employs 
a  ray-tracing  method,  GTVISIT  uses  a  Z-buffer  algorithm  based  on  the  principle  of 
displaying  or  concealing  surfaces  using  a  visual  line  of  sight  to  the  sensor.  GTVISIT  also 
includes  atmospheric  attenuation  for  each  object  in  the  scene  by  pre-computing  the 
radiance  values  in  12  orientations  and  then  assigning  an  atmospheric  radiance  value  to  the 
facet.  The  thermal  radiance  values  are  then  computed  using  first-principles  techniques 
contained  in  the  GTSIG  submodel  of  GTVISIT. 

By  modeling  all  these  real  world  phenomena,  GTVISIT  creates  fairly  realistic 
radiometric  images.  However,  it  falls  short  in  that  it  does  not  account  for  angular 
emissivities  or  background  effects  on  the  radiance  of  the  target.  In  addition,  GTVISIT 
does  not  determine  the  solar  history  for  the  objects  in  the  scene.  Thus,  while  GTVISIT  is 
one  of  the  leading  developers  of  radiometric  synthetic  images,  there  is  still  room  for 
improvement. 

The  Physical  Reasonable  Infrared  Signature  Model,  PRISM,  is  an  extremely  detailed 
model  relying  on  highly  sophisticated  CAD  drawings  to  create  radiometrically  accurate 
models  of  vehicles,  primarily  tanks  (Gonda  and  Gerhart,  1989).  This  model  relies  on  3-D 
isothermal  facets  that  interact  with  each  other  through  conduction,  convection,  and 
radiation.  PRISM  models  both  the  internal  and  external  features  of  the  tank.  Using  a 
Faceted  Region  Editor  (FRED),  BRL-CAD  vehicle  descriptions  are  translated  into  a 
format  that  PRISM  can  then  use  to  predict  the  thermal  signature.  PRISM  is  also  able  to 
calculate  the  solar  history  and  hence  temperature  of  each  facet  for  a  diurnal  time  period. 
However,  PRISM  fails  to  calculate  the  interactions  between  the  target  and  the 
background.  Targets  are  “cut  and  pasted”  into  background  scenes.  PRISM  creates  very 
realistic  images,  but  the  difficulty  in  creating  the  detailed  drawings  and  its  failure  to 
account  for  the  interactions  between  the  background  and  the  target  prevent  its  widespread 
use  in  other  applications. 
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Texas  Instruments  (TI)  has  also  developed  a  synthetic  image  generator  for  use  with 
automatic  target  recognition  (ATR)  algorithms  (Lindahl  et  al.,  1990).  This  multi-sensor 
synthetic  image  generator  is  capable  of  producing  IR,  television  (TV),  and  Laser  Radar 


images.  The  following  diagram  illustrates  the  TI  synthetic  image  generation  process. 
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Figure  3.4  TI  synthetic  scene  generation  (Lindahl  et  al.,  1990) 

Similar  to  most  SIG’s,  TI  uses  faceted  objects  placed  in  a  fractal  interpolated  background 
environment  derived  from  Defense  Mapping  Agency  (DMA)  Digital  Terrain  Elevation 
Data  (DTED)  and  Digital  Feature  Analysis  Data  (DFAD).  The  objects,  which  are  created 
using  AutoCad  10,  are  initially  placed  onto  the  terrain  scene  using  world  coordinates  and 
then  both  the  terrain  and  the  objects  are  translated  to  sensor  coordinates.  Trees  may  also 
be  added  to  the  scene  using  a  fractal  initiator/generator  technique.  Similar  to  GTVISIT,  a 
Z-buffering  algorithm  is  then  used  to  determine  which  objects  are  hidden  from  the  sensor 
by  other  surfaces.  LOWTRAN  7  is  also  used  to  predict  atmospheric  transmission  and 
attenuation.  The  Texas  Instruments  synthetic  image  generator  also  includes  the  ability  to 
include  sensor  effects  for  each  of  the  different  sensor  types;  colored-noise  that  resembles 
the  noise  characteristics  of  the  sensor  is  added  to  the  synthetic  image.  Similarly,  in  order 


13 


to  speed  the  generation  of  the  synthetic  image,  “a  two-dimensional  Gaussian  point-spread 
function  is  used  to  approximate  the  effects  of  optical  diffraction  and  blur,  detector  and 
LED  spatial  response,  and  stabilization  jitter  for  both  the  IR  and  TV  sensors”  (Lindahl  et 
al,  1990). 

TFs  multisensor  synthetic  image  generator  sacrifices  radiometric  accuracy  for 
computational  speed.  Its  use  of  gray-shading  and  exclusion  of  solar  or  specular  effects  in 
the  synthetic  images  reduce  its  abilities  to  model  the  real  world.  The  results  are  realistic 
looking  images,  but  have  questionable  radiometric  fidelity.  It  provides  useful  synthetic 
images  for  automatic  target  recognition  algorithms  which  rely  more  on  relative  image 
contrasts  than  absolute  radiometric  accuracy.  Therefore,  while  this  system  can  model 
many  different  sensors,  it  is  of  little  benefit  to  those  trying  to  assess  the  absolute 
radiometry. 

Aerodyne  Research,  Inc.,  currently  uses  the  SPIRITS  2.0  (Spectral  Infrared  Imaging 
of  Targets  and  Scenes)  infrared  SIG  program  for  modeling  aircraft  targets  and  exhaust 
plumes  (Stets  et  al.,  1988).  Relying  on  the  LOWTRAN  atmospheric  model  and  IR  Cloud 
Radiance  Model  (CLOUD)  to  recreate  the  atmosphere,  SPIRITS  integrates  the  results  of 
cluttered  background  of  terrain,  sky  and  cloud  with  target  images.  While  this  program 
produces  very  detailed  results  of  aircraft  and  vehicles  with  exhaust  signatures,  it  has  some 
limitations.  It  fails  to  create  high  resolution  ground  scenes  and  even  treats  the  earth  as  a 
flat  object  with  a  uniform  temperature  and  diffuse  reflectivity.  In  addition,  because  the 
target  and  background  are  computed  separately,  it  is  not  possible  to  include  background 
effects  in  the  calculations;  however,  this  does  not  greatly  detract  from  their  model  since 
most  of  their  scenes  involve  high  flying  aircraft.  This  approach  would  not  be  possible  for 
use  by  DIRSIG  when  high  resolution  ground  scenes  with  radiometric  accuracy  are  the 
primary  goal.  A  new  version  of  this  program  known  as  AC-1  is  scheduled  for  release  next 
year.  Some  preliminary  information  about  this  new  program  will  be  available  soon  for 
analysis. 


14 


The  Simulated  Infrared  Image  (SIRIM)  program  created  by  the  Environmental 
Research  Institute  of  Michigan  (ERJM)  is  vastly  different  from  other  thermal  synthetic 
models.  It  calculates  temperatures  based  on  the  3-D  volume  of  an  object,  versus 
traditional  surface  modeling.  The  volume  modeling  is  achieved  by  subdividing  the  volume 
of  an  object  into  elements  call  voxels.  “The  voxels  are  simply  cubic  solids  that  fill  the 
volume  of  the  object”  (Lyons  1991).  This  division  of  the  object  into  voxels  allows  for 
complex  thermal  interactions  and  results  in  accurate  temperature  predictions.  Thus,  it 
could  be  useful  in  modeling  thermal  plumes  and  other  volumetric  shapes  that  have 
complex  thermal  gradients.  Because  of  this  unique  modeling  of  object  volumes,  the 
geometric  representation  of  an  object  is  defined  using  constructive  solid  geometry  (CSG) 
models  in  BRL-CAD.  Boundary  model  representations,  including  wireframe  and  surface 
models,  may  be  converted  to  CSG  models  using  specialized  translation  programs.  Similar 
to  other  high  end  thermal  SIG  models,  a  ray  tracer  is  also  used.  The  ray-tracer  aids  in 
creating  the  voxels,  determining  the  solar  loading  of  the  voxels,  and  accounting  for  target- 
background  interactions. 

Four  primary  modules  are  used  in  the  image  generation  process,  in  addition  to  the 
geometric  modeling  and  ray-tracing.  The  information  first  travels  into  the  VOXCRE 
module  where  the  object  volume  is  divided  into  voxels.  The  information  is  then  directed 
to  the  VOXSUN,  SVOXTMP,  and  RADCLC  modules.  The  VOXSUN  module,  in 
conjunction  with  the  ray-tracer,  determines  which  voxels  are  exposed  to  solar  heating  and 
outputs  the  results  to  the  temperature  prediction  module,  SVOXTMP.  SVOXTMP 
accounts  for  the  conduction,  convection,  and  radiation  exchange  between  the  voxels  and 
surrounding  object  voxels  as  well  as  the  environment.  The  output  is  a  “three-dimensional 
temperature  distribution  of  the  object  as  a  function  of  time  but  independent  of  sensor  or 
viewing  geometry.”  The  temperature  results  are  then  used  in  the  RADCLC  module  to 
determine  the  total  radiance.  The  RADCLC  module  integrates  the  self  emission  of  the 
object  due  to  temperature  and  the  reflected  radiance  from  the  environment.  This  is  where 
the  calculations  end. 
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SIRIM  does  not  propagate  this  radiance  to  a  sensor  or  include  any  atmospheric 
transmission  effects;  it  is  not  a  complete  end-to-end  simulation  package.  This  is  a  major 
limitation  of  SIRIM.  In  addition,  the  time  required  for  the  temperature  calculations  are 
extremely  time  consuming  and  computer  resource  intensive.  If  speed  improvements  could 
be  made  to  the  thermal  calculations,  SIRIM  would  be  a  valuable  replacement  to  THERM, 
the  DIRSIG  thermal  model.  In  its  current  form,  the  prolonged  run  times  of  SIRIM 
weighed  against  the  added  thermal  accuracy  do  no  warrant  its  integration  into  DIRSIG. 

By  examining  other  synthetic  image  generation  programs,  it  is  possible  to  determine 
the  strengths  and  the  weaknesses  of  these  other  SIG  models.  The  ideal  solution  would  be 
to  create  a  synthetic  image  generation  program  that  incorporated  the  strengths  of  all  the 
various  programs  while  minimizing  the  areas  of  weakness.  DIRSIG  is  such  an  attempt  at 
synthetic  image  generation.  It  was  developed  using  the  concepts  of  many  different  SIG 
models  in  order  to  create  images  that  closely  resemble  real  imagery. 
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3.3  DIRSIG  Overview 


In  order  for  a  synthetic  image  to  accurately  resemble  the  real  world,  it  is  necessary  to 
develop  a  complete  mathematical  model  of  the  entire  imaging  chain.  This  requires  an 
understanding  of  the  thermal  radiance  of  the  objects  in  the  scene  as  well  as  the 
atmospheric  effects  on  the  radiance  that  ultimately  reaches  the  IR  sensor.  The  sensor 
effects  must  also  be  incorporated  into  the  model  to  create  realistic  synthetic  images.  With 
all  these  inputs,  it  is  then  possible  to  try  and  develop  a  synthetic  image.  DIRSIG  attempts 
to  model  the  entire  imaging  chain  using  the  inputs  from  various  submodels.  The  following 
diagram,  Figure  3.5,  provides  a  brief  overview  of  the  submodels  used  in  recreating  the 
“real  world”  for  a  DIRSIG  synthetic  image.  Each  of  these  submodels  will  be  described  in 
detail. 


Figure  3.5  DIRSIG  overview 


3.3.1  Scene  Geometry  Submodel 

In  creating  a  synthetic  image,  one  of  the  first  steps  is  to  build  geometric  models  of 
the  3-Dimensional  objects  that  will  be  in  the  output  image.  This  is  accomplished  using 
computer  aided  design  software  known  as  AutoCad  that  has  been  enhanced  with 
specialized  DIRSIG  related  routines.  In  order  to  develop  a  scene  that  can  be  used  by 
DIRSIG,  it  is  necessary  to  create  parts  and  objects  that  are  made  up  of  individual  facets. 

A  facet  is  a  collection  of  points,  usually  triangular  or  rectangular,  with  a  normal  vector 
that  describes  the  convex  plane.  These  facets  are  the  elementary  building  blocks  to  which 
various  parameters  or  attributes  are  assigned  and  are  then  be  used  by  the  other  DIRSIG 
submodels  in  creating  the  final  synthetic  image.  The  following  diagram  (Figure  3.6) 
illustrates  the  types  of  features  that  are  assigned  to  each  facet. 
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Figure  3.6  Facet  material  parameters 

The  faceted  parts  are  then  combined  to  form  an  object,  and,  finally,  multiple  objects  may 
be  integrated  into  one  drawing  to  create  the  final  3-D  scene,  as  depicted  in  Figure  3.7. 


Figure  3.7  DIRSIG  Data  Hierarchy  (Schott  et  al.,  1993) 

A  certain  data  structure  and  hierarchy  of  information  is  assigned  to  the  each  object, 
part,  and  facet  as  the  entire  scene  is  created.  The  hierarchy  of  data  assigned  to  each  level 
was  designed  to  minimize  the  amount  of  redundant  information  which  can  slow 
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computations  and  require  more  computer  storage  memory.  Starting  at  the  highest  level, 
the  scene  node  contains  the  name,  date,  geographical  coordinates,  and  number  of  objects 
of  the  scene.  The  object  node  then  contains  the  name,  ID  number,  number  of  parts  in  that 
particular  object  with  pointers  to  nodes  describing  each  part,  and  the  coordinates  that 
define  the  edges  of  the  bounding  volume.  The  bounding  volume  of  the  object  is  used 
when  the  rays  are  cast  into  the  scene  (see  Figure  3.8).  If  the  ray  does  not  hit  the  bounding 
region  of  the  object,  it  is  not  necessary  to  cast  the  ray  into  the  parts  and  facets  of  that 
object.  This  helps  to  reduce  the  computation  time  for  the  ray-tracer  submodel.  The  part 
node  data  structure  is  the  same  as  the  object  node,  with  bounding  volumes  to  eliminate  the 
need  to  check  each  facet  within  the  part  for  a  ray  intersection.  Finally,  the  facet  node  links 
the  geometric  location  and  orientation  of  the  facet  with  the  material  properties. 


part  bounding 
volume 


object  bounding 
volume 


Figure  3.8  Object  &  part  bounding  volumes  (Schott  et  al.,  1993) 


After  all  the  DIRSIG  hierarchy  has  been  established  and  the  scene  is  complete,  the 
AutoCad  scene  is  then  ‘translated’  into  real  world  geographical  coordinates  so  that  the 
other  submodels  of  DIRSIG  can  recognize  the  inputs. 


3.3.2  Ray-Tracer  Submodel 

The  ray-tracer  submodel  is  the  vital  connection  and  link  to  all  the  DIRSIG 
submodels.  This  submodel  retraces  the  hypothetical  path  of  a  photon  after  it  has  reached 
the  sensor.  Beginning  at  an  individual  pixel  in  the  synthetic  image,  a  ray  is  cast  into  the 
scene  (see  Figure  3.9). 
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Sensor 


Figure  3.9  Ray-tracer  (Schott  et  al.,  1993) 

An  iterative  process  is  used  to  determine  the  interaction  of  the  ray  with  each  object,  part, 
and  facet  in  the  scene.  From  these  interactions,  the  path  of  the  radiance  reaching  the 
sensor  can  be  determined.  The  energy  losses  and  gains  associated  with  the  atmosphere  are 
included  in  the  process.  This  allows  the  proper  radiance  at  each  pixel  to  be  computed  by 
the  radiometry  submodel.  The  radiometry  submodel  is  described  in  detail  in  Section  3.3.4. 

Because  each  ray  must  be  tested  for  intersection  with  every  single  object  in  the 
scene,  bounding  volumes  for  each  object  and  part  were  developed  to  reduce  the  number  of 
interactions  that  must  be  examined.  This  process  reduces  computation  time  because  if  an 
object  is  not  hit  by  the  ray,  it  is  not  necessary  to  determine  the  interaction  of  that  ray  with 
the  sub-parts  or  facets.  These  bounding  volumes  may  be  parallelepipeds,  cubes,  or 
spheres.  If  a  ray  hits  a  particular  object,  it  is  then  checked  with  the  parts  in  that  object, 
and  finally,  the  interaction  with  the  individual  facets  is  determined.  If  it  is  found  that  a 
facet  has  been  hit  by  a  ray,  the  solar  history  of  the  facet  is  established  so  that  a  more 
accurate  temperature  can  be  predicted  by  THERM.  THERM  uses  direct  insolation,  or 
direct  sunlight  values,  from  the  weather  file  to  more  precisely  predict  the  temperature  of 
the  object. 
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The  solar  history  of  the  object  is  stored  in  an  array  as  a  function  of  time  with  values 
ranging  from  0  to  1. 


[Q.0|l.O|1.0|0.2|0.1|Q.0|0.0|0.0|0.0l0.0ll-O|l.O|l.O|l-0| 
01  23  4  567  8  9  10  11  12  13 


Figure  3.10  Solar  history  (Schott  et  al.,  1993) 

If  the  object  was  illuminated  by  the  sun  at  a  particular  time,  a  value  greater  than  0  is 
placed  in  the  array  and  the  solar  loading  term  in  the  weather  file  is  weighted  by  this  value. 
However,  if  the  object  has  been  in  the  shadow  or  not  illuminated  by  the  sun,  a  value  of  0  is 
placed  into  the  array.  Therefore,  when  the  solar  loading  value  in  the  input  weather  file  is 
multiplied  by  the  solar  history  value  of  0,  the  overall  effect  is  a  zero  solar  loading  term 
when  the  target  has  been  in  shadow.  After  the  solar  history  of  the  facet  has  been 
determined  and  the  resulting  direct  insolation  values  have  been  calculated,  the  temperature 
of  the  facet  may  then  be  computed  by  THERM. 


Once  a  ray  hits  a  facet  and  the  solar  history  has  been  calculated,  the  interaction 
between  the  ray  and  the  facet  depends  on  the  specularity  and  shape  factor  of  the  target 
A  target  may  be  specular,  diffuse,  a  combination  of  the  two,  or  even  transmissive  (see 
Figure  3.11).  The  shape  factor  of  the  facet  is  also  calculated  at  this  time  as  additional  rays 
are  cast  from  the  facet  to  determine  the  amount  of  atmosphere  that  is  blocked  by 
surrounding  objects. 


Figure  3.11  Target  interactions 
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If  the  facet  is  reflective,  then  secondary  rays  must  be  cast  out,  similar  to  the  original  ray¬ 
tracing  method.  For  completely  specular  targets,  a  single  ray  is  cast  out  at  an  angle  equal 
to  the  incidence  angle.  The  properties  of  the  background  are  determined  and  then  used  to 
calculate  the  radiance  of  the  target  facet.  However,  most  targets  are  not  completely 
specular.  This  requires  a  more  rigorous  method  of  determining  the  background  effects. 
Therefore,  ‘diffuse’  secondary  rays  are  cast  out  over  the  hemisphere  at  15°  increments  in 
the  zenith  and  30°  increments  in  the  azimuth.  The  procedure  for  determining  the 
background  hits  is  the  same  as  for  the  specular  case:  test  each  object,  part,  and  facet. 
Then,  for  each  secondary  ray  that  is  cast,  the  temperature  and  properties  of  the  object  that 
is  hit  are  recorded.  The  combined  effects  of  these  secondary  hits  are  integrated  to 
approximate  the  diffuse  radiance  value  reaching  the  target.  While  this  process  of  casting 
rays  could  continue  indefinitely,  a  maximum  of  two  bounces  is  usually  sufficient  to 
determine  the  appropriate  radiance  value  in  the  IR  region  (Shor  1990).  The  following 
chart  outlines  the  flow  for  determining  the  radiance  if  the  object  is  reflective  (specular, 
diffuse,  or  a  combination). 


Figure  3.12  Ray-tracer  flow  diagram  (Schott  et  al,  1993) 
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The  result  may  actually  be  a  transmissive  facet  in  which  the  ray  continues  through  the 
scene  in  a  modified  manner.  Transmission  is  not  discussed  in  detail  because  the  validation 
of  transmissive  effects  is  beyond  the  scope  of  this  project. 

3.3.3  Thermal  Submodel 

The  thermal  submodel  computes  the  temperature  of  each  individual  facet  over  a 
specified  time  history  using  the  THERM  model  developed  by  the  DCS  Corporation.  The 
output  temperature  of  the  facet  from  THERM  is  based  on  two  main  features:  facet 
parameters  and  time  dependent  environmental  parameters.  In  determining  the  output 
temperature,  THERM  uses  a  first  principles  model  to  evaluate  the  heat  transfer  between 
the  target  and  the  environment.  THERM  also  treats  each  facet  independently  of  the  other 
facets  and  assumes  that  the  facet  has  uniform  characteristics. 

This  treatment  of  thermally  independent  facets  leads  to  the  one  major  limitation  of 
THERM  in  that  it  does  not  determine  the  conduction  between  adjacent  facets.  However, 
THERM  does  allow  the  user  to  assign  a  self-generated  power  to  each  facet.  This 
combined  with  the  use  of  the  solar  history  of  the  object  helps  to  compensate  for  lack  of 
thermal  conduction,  improving  the  temperature  prediction  and  accuracy.  This  deficiency 
of  DIRSIG  could  be  eliminated  by  determining  the  conduction  between  the  facets  through 
a  finite  element  analysis.  This  would  improve  the  accuracy  but  would  greatly  add  to  the 
run  time  of  DIRSIG  images  and  is  considered  to  be  too  detailed  for  most  practical 
applications.  However,  in  an  attempt  to  reduce  this  deficiency,  DIRSIG  has  recently  been 
modified  to  allow  indirect  diflhision  from  internal  heat  sources.  Internal  heat  sources  may 
be  used  to  simulate  vehicle  engines  or  other  heat  sources  that  are  located  inside  other 
objects.  This  modeling  helps  to  simulate  actual  thermal  conditions  without  having  to 
determine  the  conduction  between  facets  (Sirianni  1994). 

In  determining  the  temperature  of  the  facet,  the  most  difficult  errors  to  eliminate 
involve  assigning  proper  values  to  the  various  material  parameters.  The  errors  in  material 
parameter  values  arise  from  the  limited  database  that  is  available  for  almost  an  infinite 
number  of  materials  in  the  world.  As  a  result,  it  is  often  necessary  to  try  and  vary  some  of 
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these  material  parameters  to  match  the  synthetic  radiance  values  with  those  of  the  truth  or 
real  imagery. 

There  are  several  different  material  parameters  of  the  facet  that  can  be  modified  to 
produce  more  accurate  results.  The  exposed  area  of  the  material  is  the  fraction  of  the 
object’s  area  that  is  exposed  to  the  environmental  conditions.  The  more  an  object  is 
exposed  to  the  environment,  the  more  the  atmosphere  will  affect  the  temperature  of  the 
object  through  convection.  The  thickness  and  heat  capacity  of  the  facet  also  influences  the 
final  temperature.  Thicker  objects  with  a  higher  heat  capacity  have  more  thermal  inertia 
and  hence,  tend  to  resist  changes  in  temperature.  The  thermal  conductivity  of  the  facet 
also  influences  the  heat  transfer  between  the  facet  and  the  surrounding  environment.  By 
varying  these  material  parameters,  more  accurate  final  temperature  results  can  be 
produced  by  THERM. 

Time  dependent  environmental  parameters  are  the  other  major  input  to  THERM. 
Traditionally,  real  weather  data  is  used  as  inputs  to  THERM.  However,  THERM  can  also 
be  used  to  predict  weather  parameters  and  values  when  a  complete  set  of  weather 
information  is  not  available. 

These  inputs  to  THERM  will  be  the  focus  of  the  input  parameter  analysis  and 
optimization.  Estimating  these  inputs  is  critical  in  creating  accurate  synthetic  images;  the 
output  from  THERM  is  only  as  good  as  the  inputs.  Since  the  radiance  reaching  the  sensor 
in  LWIR  images  is  dominated  by  the  self-emission,  i.e.  apparent  temperature,  of  objects, 
the  output  from  THERM  is  the  most  likely  source  of  error.  Therefore,  a  complete 
understanding  of  the  inputs  to  THERM  will  help  produce  better  results.  Treating 
THERM  as  a  black  box,  the  input  parameter  analysis  will  examine  both  the  effects  of 
changing  the  input  parameters  and  the  abilities  of  THERM  to  model  the  real  world.  Thus, 
the  analysis  will  test  both  THERM  itself,  and  the  inputs  to  THERM. 
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3.3.4  Radiometry  Submodel 

In  a  real  image,  the  number  of  photons  emitted,  absorbed,  and  reflected  in  a  scene 
determine  the  resulting  output  image.  To  produce  a  synthetic  image,  a  mathematical  model 
of  the  photon  paths  must  be  used  to  account  for  all  the  different  sources  of  radiation  that 
might  possibly  reach  a  real  sensor  and  create  the  image.  Therefore,  using  inputs  from 
THERM  and  the  ray-tracer  submodels,  the  radiometry  submodel  determines  the  spectral 
radiance  reaching  the  sensor. 

Because  the  radiance  must  travel  through  a  non-uniform  atmosphere  before  it 
reaches  the  sensor,  different  types  of  particles  in  the  atmosphere  may  affect  the  radiance 
that  eventually  reaches  the  sensor.  As  a  result,  it  is  also  necessary  to  have  a  model  of  the 
attenuating  atmospheric  conditions.  DIRSIG  currently  uses  an  atmospheric  model  known 
as  MODTRAN  that  can  be  completely  controlled  by  inputs  from  the  user.  MODTRAN 
uses  either  an  existing  atmospheric  database  with  the  ozone  density,  water  vapor  density, 
temperature,  and  concentration  of  the  gases  H2O,  CO2,  O2,  O3,  N2O,  CH4,  NO,  SO2,  NO2, 
NH3,  HNO3  already  defined  depending  on  a  mid-latitude  summer,  maritime,  sub-arctic,  or 
other  conditions;  or  the  atmosphere  can  be  more  accurately  simulated  by  MODTRAN 
using  time  and  location  specific  radiosonde  data  as  inputs.  While  the  upper  atmosphere, 
including  the  troposphere  and  stratosphere,  are  fairly  constant  over  time,  the  lower 
atmosphere  near  the  surface  can  change  very  rapidly.  Therefore,  it  is  often  beneficial  to 
obtain  hourly  weather  information  from  either  in  scene  measurements  or  from  local 
sources,  such  as  an  airport,  that  can  then  be  input  into  the  computer  model. 

From  all  these  parameters,  the  final  outputs  of  the  Modtran  model  include  the 
wavelength  and  angular  dependent  atmospheric  transmission  and  upwelled/downwelled 
radiance  values.  These  values  are  used  in  DIRSIG’ s  model  of  the  “big  equation.”  As 
mentioned  in  the  ray-tracer  submodel  description,  facets  may  be  transmissive,  diffuse, 
specular,  or  a  combination  of  specular  and  diffuse.  Table  3.2  expressed  the  components 
of  the  “big  equation”  conceptually  and  mathematically. 
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L(9,^,X)  =  {[(Solar  scattering  +  Backgroundspecuiar) -Reflectivity specuiar-Specularity]  + 

[(Solar  scattering  +  Backgrounddiffme) -Reflectivity diffuse-(l-Specularity)[  + 
[Emissive  component[}  -total  transmission  +  Upwelled  Radiance  (3  .4) 


Table  3.1  Radiance  equation 


1  Mathematical  Expression 

Conceptual  Expression 

II 

EJX) 

'C\(^hJ^)cos(es)+ 

n 

Solar  scattering 

^DE  (^SK  ^  ^SK  »  ^DS  (^SK  >  ^SK  ^ 

or 

T, Tsp  cos(0p)(\-  Sp( Bgj. , A,)  +  Ljp (X)Sg( Ogj ,  A)  ■  (2) 
n 

Specular  Background  Effects 
Sky  (1)  or  Object  (2) 

(\-s,(e,A))- 

Specular  reflectivity 

S-\- 

Specular  weighting  factor 

EJX) 

"  xflX)xJX)cos(e,)^ 

K 

Solar  scattering 

n 

'In  2 

\\([  ^DE  ( ^SK  »  4^SK  y  ^DS  (^SK  >  ^SK  »  ( ^) 

0  0 

Lxb  ^ ^  )dOd(l)  • 

Diffuse  Background  Effects 

(\-8,(X))- 

Diffuse  reflectivity 
(specular  reflectivity  at 
nadir) 

(IS)- 

Diffuse  weighting  factor 

Sj(9,X )Lj  (X)  ■ 

Emissive  Component 

t^(9^,P,X)t^JX)  + 

Total  transmission 

LA0e,P,X)  + 

Upwelled  Radiance  - 
Solar  scattering 

LuEi^E^P’^) 

Upwelled  Radiance  - 
Emissive 

The  results  of  these  radiometry  equations  are  then  integrated  using  the  spectral  response 
function  of  the  sensor  in  order  to  obtain  the  final  radiance  value  at  each  pixel.  The 
variables  contained  in  the  equations  above  are  described  in  detail  on  the  following  page. 
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Table  3.2  Radiance  equation  variable  definitions 


Variable 

EM) 

LM) 

^T(STE)i^) 

E„sW 

SK^ 

^Ds  (^5a:  ’  ^5/:  5 

^uE^^E^ 

7r,(A) 

7-2  (Oe,X) 

hcW 

hJX) 

Ttb(X) 

r2M) 

d 

Os 

Os 

Oe 

^  SK 

n 

^BT 

^SK 

_E _ 

Definition 

spectral  radiance  reaching  the  front  end  of  the  sensor 

the  exoatmospheric  solar  spectral  irradiance 

the  self-emitted  spectral  radiance  from  a  blackbody  at  temperature  T  (target) 

the  self-emitted  spectral  radiance  from  a  blackbody  at  temperature  T  (background) 

the  self-emitted  spectral  radiance  from  a  blackbody  at  temperature  T 
(extinction  source  between  the  target  and  the  background) 

the  self-emitted  spectral  radiance  from  a  blackbody  at  temperature  T 
(extinction  source  between  the  sensor  and  the  target) 

the  downwelled  spectral  radiance  due  to  self-emission  of  the  atmosphere  integrated 
over  the  skydrome 

the  downwelled  spectral  radiance  due  to  scattering  integrated  over  the  sky-dome 

the  directional  downwelled  spectral  radiance  due  to  self-emission  of  the  atmosphere 

the  directional  downwelled  spectral  radiance  due  to  scattering 

the  upwelled  spectral  radiance  due  to  self-emission  of  the  atmosphere  along  the 
target-sensor  path 

the  upwelled  spectral  radiance  due  to  scattering  along  the  target-sensor  path 

the  atmospheric  spectral  transmission  along  the  source-target  path 

the  atmospheric  spectral  transmission  along  the  target-sensor  path 

spectral  transmission  through  all  transparent  objects  along  the  sun-target  path 

spectral  transmission  through  all  transparent  objects  along  the  target-sensor  path 

spectral  transmission  through  all  transparent  objects  along  the  sun-background  path 

spectral  transmission  through  all  transparent  objects  along  target-background  path 

spectral  transmission  through  all  transparent  objects  along  the  sensor-target  path 

angular  spectral  emissivity  for  the  target 

angular  spectral  emissivity  for  the  background 

the  angle  between  the  normal  to  the  surface  and  the  sensor-target  path 

the  angle  between  the  normal  to  the  surface  and  the  sun-target  path 

the  angle  between  the  normal  to  the  background  and  the  sun-background  path 

the  angle  between  the  normal  to  the  earth  at  the  target  and  the  sensor-target  path 

the  angle  between  the  normal  to  the  earth  and  the  specularly  reflected  ray  from  the 
sensor  to  target  area 

the  angle  between  the  normal  to  the  background  and  the  target  hit  point 

the  azimuth  angle  between  the  projection  of  the  ray  cast  to  the  sky  on  the  ground  and 
the  scene’s  reference  direction 

the  azimuth  angle  between  the  projection  of  the  ray  cast  to  the  sky  on  the  ground  and 
the  scene’s  reference  direction 

the  range  between  the  target  and  the  sensor 
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3.3.5  Sensor  Response  and  Modulation  Transfer  Functions 

The  sensor  submodel  is  the  final  submodel  that  affects  the  synthetic  output  image. 
The  sensor  submodel  converts  the  radiance  values  from  the  radiometry  submodel  to  digital 
count  values,  employing  the  spectral  response  of  the  sensor  in  the  calculations.  The 
spectral  response  of  the  sensor  describes  the  responsivity  of  the  sensor  at  different 
wavelengths,  scaled  by  the  maximum  sensitivity  of  the  sensor  in  the  specified  region  so 
that  the  output  ranges  from  0  to  1.  For  example,  a  thermal  imaging  sensor  will  not  be 
very  responsive  in  the  visible  region  while  it  should  have  a  responsivity  near  one  in  the 
infrared  region  of  the  electromagnetic  spectrum.  The  following  equation  is  used  to 
calculate  the  radiance  after  it  has  passes  through  the  sensor. 

Lje)=  'ZL(e,XmX)M  (3.5) 

L^(0f  -  radiance  at  zenith  angle  0  integrated  over  A/mm  to  A.inax 
L(0,X)  -  radiance  at  zenith  angle  0  and  wavelength  A. 

R  (X)  -  Spectral  Responsivity  at  wavelength  A. 

This  radiance  is  then  converted  to  a  digital  count  value  using  the  following  equation. 

DC  =  gain  •  {&)  +  offset  (3  6) 

DC  -  final  digital  count  value 
-  radiance  at  zenith  angle  0  integrated  over  Amm  to  A^ax 
gain  -  gain  of  the  sensor 
offset  -  offset  of  the  sensor  in  digital  counts 

While  the  sensor  is  one  of  the  last  submodels  to  affect  the  synthetic  image,  its 
location  in  the  scene  must  be  established  using  one  the  first  submodels,  AutoCad.  Using 
the  CAMERA  function  from  AutoCad,  the  user  can  view  the  scene  as  it  would  appear 
from  various  sensor  look  angles,  positions,  and  magnifications.  The  optimum  or  desired 
position  of  the  sensor  is  then  set  and  the  geometric  information  is  then  recorded  from 
AutoCad.  After  this  information  is  recorded,  it  is  saved  in  a  file  so  that  the  ray-tracer  and 
radiometry  submodels  can  access  this  information  for  their  calculations. 

The  sensor  submodel  can  also  be  used  to  incorporate  other  effects  into  the  final 
synthetic  output  image.  Motion,  optical,  electronic,  and  sampling  effects  may  be  added  to 
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the  sensor  model  to  make  the  synthetic  image  appear  more  realistic.  Random  and  periodic 
noise  can  also  be  added  to  degrade  the  quality  of  the  image.  Various  sensor 
configurations  including  frame  cameras,  pushbroom  scanners,  and  line  scanners  may  be 
selected  in  the  sensor  submodel  to  create  the  geometric  distortions  commonly  found  in 
real  imagery  obtained  using  these  sensor  configurations.  While  line  scanner  effects  were 
included  in  the  validation,  optical  and  noise  effects  were  just  being  finished  at  the  time  of 
validation.  All  these  effects  add  to  the  realism  of  the  synthetic  image. 

3.3.6  Final  Image  Generation  Review 

The  final  generation  of  a  DIRSIG  synthetic  image  requires  the  integration  of  all  these 
submodels.  Some  of  the  submodels  perform  multiple  tasks  at  various  stages  in  the 
synthetic  image  generation  process.  Beginning  with  the  scene  geometry  submodel,  the 
user  creates  a  scene  of  objects  with  defined  locations,  dimensions,  and  material 
parameters.  The  facet  attributes  which  are  assigned  to  the  objects  are  then  referenced  by 
the  ray-tracer.  Using  a  time  of  day  specified  by  the  user,  a  solar  history  at  15  minute 
intervals  is  also  created  for  each  facet  by  the  THERM  submodel,  and  then  this  is  input  to 
the  ray-tracer.  The  ray-tracer  then  casts  out  a  ray  from  each  pixel  in  the  scene  in  order  to 
determine  the  background  interactions.  With  the  solar  history  and  attributes  of  each  pixel 
known,  the  temperatures  are  then  computed  using  THERM.  The  temperature  and  ray- 
tracer  results  may  then  be  used  by  the  radiometry  submodel  to  solve  the  spectral  radiance 
equations.  The  radiance  reaching  the  front  of  the  sensor  at  each  wavelength  may  then  be 
passed  to  the  sensor  submodel  so  that  the  spectral  response  of  the  sensor  may  be 
incorporated  into  the  final  results.  Finally,  the  sensor  submodel  integrates  the  radiance 
results  over  the  appropriate  wavelengths  and  converts  the  output  to  digital  count  values 
for  the  final  output  synthetic  image. 

DIRSIG  and  its  submodels  are  designed  so  that  continual  improvements  can  be  made 
to  the  synthetic  image  generation  process.  While  DIRSIG  could  not  function  without 
each  submodel,  examining  the  submodels  can  point  to  areas  of  possible  improvements.  In 
addition,  the  compartmentalization  of  DIRSIG  allows  for  possible  replacements  of  the 
submodels  if  improvements  or  better  models  become  available. 
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4. 0  Technical  Approach  &  Procedure 


4.1  Validation  of  DIRSIG 

The  process  of  validating  DIRSIG  in  the  infrared  region  consists  of  three  main  steps. 
These  steps  include  procuring  aerial  images  of  the  region  of  interest,  creating  a  S3mthetic 
image  of  this  same  region  using  DIRSIG,  and,  finally,  evaluating  the  synthetic  imagery 
using  the  truth  imagery.  Each  of  these  three  main  tasks  can  then  be  subdivided  into 
smaller  tasks. 

The  first  step  is  to  obtain  aerial  images  of  a  region  in  which  certain  parameters  and 
information  are  known.  This  includes  extensive  knowledge  of  the  sensor  and  its 
characteristics.  If  a  model  of  the  sensor  is  not  available,  DIRSIG  will  not  be  able  to 
produce  reasonable  results.  The  exact  location  of  the  aircraft  at  the  imaging  time  is  also 
needed  so  that  the  sensor  can  be  properly  positioned  in  the  synthetic  image.  Weather 
information  and  radiosonde  data  from  the  imaging  time  and  location  that  the  image  was 
taken  must  also  be  obtained  to  accurately  model  the  atmosphere  using  MODTRAN. 
Finally,  either  access  to  the  region  of  interest  or  the  combination  of  maps  and  plans  should 
be  available  so  that  the  geometry  of  the  various  objects  in  the  scene  can  be  recreated  using 
AutoCad. 

The  next  major  step  and  task  in  the  validation  of  DIRSIG  is  to  reproduce  and  create 
the  synthetic  image  of  a  particular  region  of  interest  from  the  aerial  image.  In  order  to 
validate  the  geometry  of  DIRSIG,  care  must  be  taken  to  ensure  that  each  object  is 
reproduced  as  accurately  as  possible  with  the  proper  dimensions.  The  dimensions  of  the 
buildings  can  be  obtained  from  maps,  surveys,  or  owners  of  the  various  structures.  If 
either  of  these  methods  is  not  possible,  it  is  possible  to  estimate  the  size,  location,  and 
dimensions  of  the  objects  through  the  use  of  visible  imagery  and  photogrammetry. 
However,  the  results  from  photogrammetry  will  probably  not  be  as  accurate  as  the  results 
from  plans  or  blueprints.  In  addition,  photogrammetry  is  extremely  time  consuming.  On- 
sight  inspection  of  the  scene  would  also  help  to  determine  some  of  the  material  properties 
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of  the  targets  in  the  scene.  Finally,  terrain  and  elevation  profiles  of  the  region  can  be 
recreated  from  USGS  maps. 

The  creation  of  a  realistic  synthetic  image  is  a  major  task  that  has  its  own  procedure 
or  approach  that  one  should  follow.  This  validation  will  help  determine  the  procedure  for 
generating  a  realistic  scene  in  the  DIRSIG  environment.  This  will  be  accomplished  largely 
through  a  trial  and  error  process  because  of  the  limited  scenes  that  are  available  for 
reference.  It  will  also  explore  the  limitations  of  the  DIRSIG  environment  in  handling  the 
complexity  of  a  realistic  scene.  As  discussed  earlier,  this  task  will  be  shared  with  Russell 
White  as  he  validates  DIRSIG  in  the  visible  region.  This  scene  will  then  be  available  for 
future  use  and  testing  of  DIRSIG  as  well  as  image  analysis  programs. 

After  the  region  of  interest  has  been  assembled  using  AutoCad  and  the  appropriate 
material  parameters  have  been  assigned  to  the  facets,  the  scene  can  then  be  processed 
using  DIRSIG  to  create  the  synthetic  image.  This  will  provide  an  initial  synthetic  image 
with  which  a  comparison  can  be  made  to  the  actual  imagery.  However,  there  are  often 
errors  in  the  synthetic  image  that  arise  from  differences  in  the  material  parameters, 
weather  information,  and  thermal  predictions.  As  a  result,  these  input  parameters  are 
modified  through  an  iterative  process  until  the  synthetic  image  closely  resembles  the  aerial 
imagery. 

Once  the  two  images  have  been  closely  matched,  or  at  least  to  the  best  abilities  of 
the  operator,  it  is  necessary  to  complete  the  final  stage  of  the  validation  by  comparing  the 
two  images.  Several  different  methods  of  comparing  images  are  available,  including  root 
mean  square  (RMS)  error  and  rank  order  correlation.  These  methods  are  discussed  in 
more  detail  in  the  following  subsection.  Once  the  synthetic  image  is  in  its  final  form,  the 
images  can  be  compared  in  terms  of  digital  count,  radiance,  or  temperature  values. 

After  this  initial  validation  has  been  completed  and  all  the  material  parameters  have 
been  firmly  established,  the  synthetic  scene  will  be  compared  to  alternate  imagery  of  the 
same  region  of  interest.  However,  this  imagery  will  have  different  imaging  conditions  and 
parameters.  As  a  result,  the  objects  in  the  scene  will  appear  different.  For  example,  an 
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aluminum  sided  building  may  be  sunlit  in  one  image  but  in  the  shade  in  the  other  image. 
DIRSIG  must  be  able  to  accurately  model  both  conditions  based  on  the  material 
parameters  that  were  established  for  the  first  image;  the  material  parameters  will  not  be 
modified  when  comparing  the  synthetic  image  with  the  second  real  image.  This  will  help 
to  test  the  robustness  of  DIRSIG.  Ideally,  the  same  errors  should  be  found  when  the 
synthetic  image  is  compared  to  the  alternate  truth  imagery,  different  errors  indicating 
deficiencies  in  the  robustness  of  DIRSIG. 


Using  these  criteria,  a  scene  incorporating  the  Kodak  Hawkeye  plant  and  the 
surrounding  area  of  NW  Rochester,  NY,  has  been  selected  to  validate  DIRSIG.  One  of 
the  major  reasons  for  selecting  this  area  was  the  availability  of  both  visible  and  LWIR 

imagery.  This  allowed  the  sharing  of  the 
workload  in  building  a  realistic  scene  of 
these  proportions.  The  area  of  interest,  a 
Ikmxlkm  region,  is  shown  relative  to 
the  city  of  Rochester,  NY,  in  Figure  4. 1 . 
Aerial  images  are  available  in  the  visible 
^  and  thermal  regions  of  the  spectrum, 
permitting  the  use  of  the  same  scene  for 
both  the  visible  and  thermal  validations 
of  DIRSIG.  In  addition,  this  area  is 
readily  accessible  to  obtain  geographic 
measurements  and  information. 
Additional  images  of  this  region  were 
also  taken  from  the  roof-tops  of 
neighboring  buildings  using  RIT  infrared 


Figure  4. 1  Area  of  interest 


cameras.  One  other  primary  reason  for  selecting  this  region  was  based  on  the  fact  that 
synthetic  imagery  of  the  Kodak  Hawkeye  plant  has  already  been  created  (Salacain  1995). 
While  extensive  additions  and  modifications  will  be  required,  it  provides  a  starting  point 
from  which  expansions  and  improvements  can  be  made. 
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4.1.1  Radiometric  Validation  Methods 


In  order  to  determine  the  accuracy  of  the  synthetic  image,  a  comparison  between  the 
synthetic  image  and  the  truth  imagery  is  necessary.  These  methods  of  comparison  include 
the  rank  order  correlation  and  the  root  mean  square  error  of  specified  targets.  Each 
method  offers  a  unique  comparison  that  provides  different  results  and  insight  into  the 
resulting  accuracy  of  the  synthetic  imagery.  The  results  from  these  methods  can  then  be 
used  in  assessing  problems  and  deficiencies  in  the  synthetic  image  generation  process. 

4.1. 1.1  Rank  Order  Correlation 

Rank  order  correlation  is  used  to  “evaluate  the  relative  contrast  produced  in  a 
synthetic  image  as  compared  to  truth”  (Schott  et  al.,  1993).  Relative  contrast  in  an  image 
is  important  for  both  human  and  computer  based  classifiers  in  evaluating  an  image  and 
detecting  specified  objects  within  a  scene.  Each  object  or  a  specified  number  of  objects  in 
the  scene  are  given  a  ranking  in  terms  of  the  brightness  of  the  object.  This  brightness 
ranking  can  then  be  used  to  compare  a  synthetic  image  with  a  real  or  truth  image.  If  the 
contrast  rankings  in  the  synthetic  image  do  not  closely  resemble  the  rankings  of  the  truth 
image,  a  problem  has  been  detected  in  the  synthetic  image  generation  process  that  will 
then  result  in  an  error  when  computer  or  human  assessment  of  the  synthetic  image  is 
performed. 

Once  the  objects  in  both  the  synthetic  and  the  real  image  have  been  ranked  according 
to  their  brightness,  or  digital  count  values,  the  comparison  and,  hence,  assessment  of  the 
synthetic  image  can  be  accomplished.  An  initial  evaluation  can  be  seen  by  graphing  the 
rank  order  in  the  truth  image  versus  the  rank  order  in  the  synthetic  image.  Ideally,  this 
would  be  a  perfectly  linear  graph  with  a  one-to-one  target  correlation.  “Any  difference  in 
ranking  between  the  DIRSIG  image  and  the  truth  image  is  indicative  of  a  contrast  reversal 
for  that  object  in  the  DIRSIG  scene”  (Schott  et  al.,  1993).  Because  the  thermal  properties 
of  objects  will  vary  at  different  times,  the  rank  order  in  the  synthetic  image  will  also  vary. 
By  comparing  images  at  different  times  of  the  day  using  the  rank  order  correlation 
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method,  a  good  overall  assessment  of  the  synthetic  image  generation  process  can  be 
found. 


By  examining  the  rank  order  of  each  corresponding  object  in  the  two  scenes,  an 
overall  rank  order  correlation  coefficient  can  be  assigned  to  the  image.  The  Spearman 
rank  order  correlation  is  defined  as: 


Ptod  ~  1 


-n 


(4.1) 


Ptod  -  correlation  coefficient  for  each  image  pair  at  a  particular  time  of  day  (TOD) 

n  -  number  of  samples 
Ri  -  rank  in  the  truth  image  for  the  object 
Ri  -  rank  in  the  synthetic  image  for  the  object 


This  overall  rank  order  correlation  can  then  be  used  in  comparing  the  overall  accuracy  of 
the  synthetic  images.  However,  the  one  major  problem  with  rank  order  correlation 
comparisons  is  that  it  is  insensitive  to  overall  radiometric  gain  or  bias  errors.  To  detect 
these  gains  and  biases  in  the  radiometry,  the  root  mean  square  error  method  of  comparison 
is  needed. 


4.1.1.2  RMS  Error 

While  the  rank  order  correlation  can  help  detect  radiometric  problems  in  individual 
objects,  the  root  mean  square  (RMS)  error  method  is  useful  in  detecting  overall  problems 
in  the  synthetic  image  generation  process.  The  root  mean  square  error  method  helps  to 
detect  overall  gain  or  bias  problems  in  the  radiometry  of  the  synthetic  image  caused  by 
errors  in  the  atmospheric  parameters  or  sensor  characteristics.  The  actual  RMS  error  is 
found  by  comparing  the  mean  radiance  values  of  objects  in  the  synthetic  image  with  the 
same  objects  in  the  truth  or  real  image. 

(4.2) 

n  -  number  of  objects 

Li  -  radiance  in  the  truth  image  for  the  /'**'  object 
Li  -  radiance  in  the  synthetic  image  for  the  object 
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While  this  equation  shows  the  RMS  calculation  using  radiance  values  from  the  real 
imagery  and  the  synthetic  imagery,  temperatures  are  often  used  when  dealing  with  thermal 
imagery.  The  radiance  at  the  sensor  can  be  converted  to  an  apparent  temperature  very 
easily  using  known  temperatures,  Planck’s  equation,  and  the  sensor  responsivity.  The 
spectral  radiance  values  for  temperatures  that  span  the  range  of  expected  values  in  the 
scene  are  found  from  the  Planck  equation. 

LW  =  (^■3) 

-1) 


L(X)  -  spectral  radiance 
T  -  absolute  kinetic  temperature  of  the  target 
c  -  speed  of  light  (2.99792458x10*  m  sec'^) 
h  -  Planck’s  constant  (6.626176x10'^'^  Jsec’') 
k  -  Boltzmann  constant  (1.380662x10'^  J  K'') 


These  spectral  radiance  values  are  then  multiplied  by  the  sensor  responsivity  and 
integrated  in  the  appropriate  bandpass. 


Planck 


■mx 


(4.4) 


The  radiance  values  are  plotted  against  the  reference  temperatures  to  determine  a  piece- 
wise  linear  equation  that  can  be  used  to  calculate  the  apparent  temperatures. 


4.1.2  Geometric  Validation 

The  validation  of  DIRSIG  will  also  include  a  geometric  validation  and  comparison 
between  the  line  scanner  imagery  and  the  synthetic  imagery  from  DIRSIG.  This  geometric 
comparison  will  help  to  validate  the  modeling  of  a  line  scanner  in  DIRSIG.  Any  geometric 
bias  in  the  synthetic  image  will  be  removed  prior  to  assessing  the  geometric  accuracy.  A 
geometric  bias  would  likely  result  from  uncertainty  in  the  location  of  the  plane.  This 
geometric  bias  will  be  removed  through  a  first  order  registration,  rotation  and  scaling,  to 
match  the  synthetic  image  and  the  truth  image. 

Similar  to  the  radiometric  validation,  the  geometric  validation  will  be  accomplished 
using  RMS  error.  The  overall  RMS  error  in  the  scene  is  found  by  selecting  several  objects 
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throughout  the  scene.  The  coordinates  of  the  these  objects  in  the  truth  and  synthetic 
imagery  are  recorded.  The  error  in  the  x  and  y  directions  for  each  object  is  then  used  in 
determining  the  geometric  error: 

^‘^geometry  =  ^lY.^rror{x)^  +  Enoviy),^  (4.5) 

Error(x)i  -  Error  in  x  value  for  the  f'  object  location 
Error(y)i  -  Error  in  y  value  for  the  ;**'  object  location 
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4.2  Input  Parameter  Analysis  &  Optimization 

Knowing  that  the  generic  input  parameters  to  DIRSIG  would  not  provide  the 
necessary  accuracy  for  the  validation,  it  was  necessary  to  develop  a  method  to  optimize 
the  input  parameters.  An  ad  hoc  approach  could  be  used  to  modify  the  input  parameters, 
but  it  would  be  impractical  to  modify  each  of  the  input  parameters  and  rerun  DIRSIG  in  a 
scene  this  complex.  A  more  structured  and  calculated  approach  was  needed.  This  led  to  a 
sensitivity  analysis  of  each  of  the  input  parameters.  The  sensitivity  analysis  provides 
insight  into  the  amount  of  change  in  a  input  parameter  that  is  necessary  to  optimize  the 
input  parameter  and  obtain  the  desired  output  value. 

One  of  the  first  steps  in  a  sensitivity  analysis  is  to  determine  the  expected  range  of 
values  and  standard  deviation  for  the  input  parameters.  The  range  of  values  and  standard 
deviation  can  be  found  from  published  databases,  measured  values,  or  a  combination  of 
these  two  resources.  Because  of  the  limited  data,  sometimes  only  two  values  are  available 
for  each  parameter  from  the  published  resources.  When  this  occurs,  the  values  are  not 
representative  of  an  absolute  minimum  or  maximum.  They  are  more  likely  representative 
of  a  relative  minimum  and  maximum  that  have  a  distribution  of  values  that  intersect  with 
each  other.  These  relative  minimum  and  maximum  values  can  be  used  as  the  range  of 
values  for  the  sensitivity  analysis,  Aparameter,  but  the  standard  deviation,  aparameter,  is  still 
needed  for  the  optimization  of  the  input  parameters.  The  standard  deviation  is  derived 
from  the  relative  minimum  and  maximum  by  assuming  that  the  available  values  are 
separated  by  two  standard  deviations,  (see  Figure  4.2  below) 
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Figure  4.2  Relative  minimum  &  maximum  input  values 
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_  ^^^relalive  relative  g' 

^parameter  ^  ^  ^ 

With  the  range  of  values  and  standard  deviation  of  each  input  parameter,  the  sensitivity 
analysis  can  be  conducted. 

In  order  to  determine  the  sensitivity  of  an  input  parameter,  the  parameter  is  varied 
over  the  specified  range  of  values,  Aparameter.  The  resulting  output  is  recorded  for  each 
variation  of  the  input.  The  output  is  then  graphed  against  the  changing  input  parameter. 
As  long  as  the  graphs  are  approximately  linear,  a  first  order  linear  regression  can  be  used 
to  determine  the  overall  output  sensitivity  to  the  input  parameter,  Aoutput/ Aparameter. 
The  units  of  the  output  depend  on  the  output  of  the  object  being  studied.  Unfortunately, 
the  output  sensitivity  value  may  not  always  be  in  the  desired  units  for  the  analysis.  A 
mathematical  conversion  is  then  needed. 


This  was  the  case  for  the  input  parameter  analysis  involving  THERM.  Because  a 
sensor  ultimately  detects  radiance,  the  ‘big  equation’  was  used  to  convert  the  output 
sensitivity  from  THERM,  ATgroun/^arameter,  into  a  radiance  sensitivity  at  the  sensor, 
ALsenso/Aparameter  (the  actual  inputs  to  THERM  and  the  ‘big  equation’  conversions  are 
discussed  in  detail  in  Section  6.0). 


Aparameter  ^ 


A  nr 

ground 

THERM 

Aparameter 

Equation 

Aparameter 


It  is  often  difficult  to  analyze  errors  and  differences  in  radiance  units;  most  thermal 
analysis  is  conducted  using  apparent  temperature.  Therefore,  radiance  sensitivity  values 
are  converted  into  apparent  temperatures  using  a  reference  blackbody.  First,  the  radiance 
for  a  blackbody  at  300  &  SOUK  is  calculated  using  the  Planck  equation  (Eq  4.3).  These 
two  radiance  values  are  then  propagated  to  radiance  values  at  the  sensor  where  the  sensor 
responsivity  can  also  be  included.  The  difference  between  these  values  provides  the 
change  in  radiance  per  unit  change  in  temperature,  ALbb^ATbb-  The  inverse  is  then 
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multiplied  by  the  radiance  sensitivity  to  obtain  the  final  input  parameter  sensitivity 
expressed  as  an  apparent  temperature,  ATapparen/^P^rameter. 


^parameter 


Aparameter 


Input  Parameter  Sensitivity 


The  input  parameter  sensitivity  reveals  the  change  in  apparent  temperature  for  any  amount 
of  change  in  the  input  parameter,  but  the  sensitivity  value  is  of  little  benefit  in  comparing 
different  input  parameters.  The  sensitivity  value  is  dependent  upon  the  units  of  the  input 
parameter.  As  a  result,  a  metric  for  comparing  different  input  parameters  is  needed  to 
optimize  the  input  parameters.  The  standard  deviation  is  representative  of  the  expected 
error  in  the  input  parameter.  Multiplying  the  input  parameter  sensitivity  by  the  standard 
deviation  of  the  input  parameter  then  provides  an  expected  temperature  error. 


Expected  Temperature  Error 


This  results  in  a  common  unit,  temperature,  among  all  the  input  parameters  and  allows 
them  to  be  compared  with  each  other.  These  expected  temperature  errors  can  then  be 
ranked  in  decreasing  order  when  optimizing  the  input  parameters.  The  parameter  with  the 
highest  expected  temperature  error  can  be  optimized  first,  followed  by  the  remaining  input 
parameters.  A  review  of  all  the  terms  involved  in  the  input  parameter  sensitivity  analysis 
and  optimization  is  shown  below. 

Aparameter  -  Change  in  the  input  parameter 

(based  on  relative  minimum  &  maximum  range  of  values) 

AT groun/ Aparameter  -  Temperature  sensitivity  @  ground 

(output  from  THERM) 

ALsenso/Aparameter  -  Radiance  sensitivity  @  sensor 

(output  from  big  equation) 

ALbb/ATbb  -  Radiance-to-apparent  temperature  conversion 

(output  from  radiance  conversion) 


39 


ATapparen/^parameter  -  Apparent  temperature  sensitivity  @  sensor 

(mathematical  conversion) 

(^parameter  -  Input  parameter  standard  deviation 

(based  on  the  relative  minimum  &  maximum  values) 

AT  expected  -  Expcctcd  tcmpcrature  error 

(based  on  1  standard  deviation  of  the  input  parameter) 

After  several  input  parameters  of  objects  in  the  scene  have  been  altered,  the  synthetic 
image  should  be  reproduced  using  DIRSIG.  The  difference  between  the  synthetic  image 
and  the  real  image  should  then  be  reexamined.  This  is  necessary  to  ensure  that  modifying 
the  input  parameters  has  not  greatly  altered  the  interactive  relationships  between  objects  in 
the  scene.  Background  objects  sometimes  have  a  large  influence  on  the  observed  radiance 
or  temperature  of  a  target,  and  the  wrong  interactions  may  results  from  too  much 
modification  of  an  input  parameter.  As  long  as  the  interactions  and  phenomena  remain  the 
same,  differences  can  be  reduced  by  additional  modification  of  the  input  parameters. 
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5.0  DIRSIG  Validation 


The  theoretical  approach  to  the  validation  of  DIRSIG  that  was  outlined  in  the 
previous  section  was  used  as  a  reference  to  obtain  the  experimental  data  and  results.  This 
section  describes  the  actual  experimental  data,  from  obtaining  the  primary  and  secondary 
truth  imagery,  creating  the  synthetic  scene  and  imagery,  to  ultimately  comparing  the  truth 
and  synthetic  imagery. 

5.1  Truth  Imagery  Collection 

The  acquisition  of  the  truth  imagery  was  one  of  the  first  steps  in  the  validation  of 
DIRSIG.  The  general  image  collection  process  is  described  along  with  the  equipment 
specifications.  The  primary  truth  imagery  from  a  Bendix  line  scanner  is  discussed  first, 
followed  by  the  secondary  truth  imagery  from  an  Inframetrics  video  camera. 

5.1.1  Aerial  Image  Collection  -  Image  1 

The  infrared  truth  imagery  used  in  the  validation  of  DIRSIG  was  originally 
acquired  on  10  November  1991  as  part  of  the  New  York  State  Energy  Research  and 
Development  Authority  (NYSERDA)  and  Rochester  Gas  and  Electric  Company  (RG&E) 
survey  to  improve  the  study  of  infrared  heat  loss  in  structures  (Snyder  1994).  This 
imagery  was  selected  because  it  was  readily  available  in  digital  form,  and  extensive 
documentation  of  the  imagery  existed.  As  discussed  earlier,  documentation  of  the 
imagery,  the  collection,  and  the  equipment  specifications  is  essential  in  trying  to  recreate 
imagery  using  DIRSIG. 

Near  ideal  thermal  imaging 
conditions  existed  on  the  cold,  fall  morning 
-  the  sky  was  clear  with  a  visibility  of  1 5 
miles  and  the  wind  was  less  than  5  mph. 

As  the  plane,  a  Piper  Aztec  twin  engine 
aircraft  that  had  been  modified  with  a  28 
inch  camera  hole  in  the  bottom  of  the 

Figure  5.1  Piper  Aztec  aircraft 
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fuselage,  flew  over  the  city,  a  Bendix  LN3  line  scanner  detected  the  radiation  reaching  the 
sensor  in  the  8-14  |a,m  region  of  the  electromagnetic  spectrum.  A  simple  line  scanner, 
such  as  the  Bendix,  “employs  a  spinning  mirror  to  project  the  image  of  the  detector  along 
a  line  on  the  ground  perpendicular  to  the  aircraft.  By  sampling  the  signal  from  the 
detector,  the  across-track  image  lines  can  be  formed.  During  the  rotation  of  the  scan 
mirror,  the  sensor  platform  advances  slightly  and  consecutive  rotations  of  the  mirror 
sweep  out  consecutive  lines  on  the  ground  which  are  sampled  to  form  the  across-track 
lines  that  make  up  the  image”  (Schott  1996).  (see  Figure  5.2) 

Line  scanners  are  one  of  the  simplest  methods  of  acquiring  imagery,  but  this 
simplicity  leads  to  some  problems.  One  of  the  major  problems  associated  with  line 
scanners  is  distortion.  Because  the  line  of  sight  of  the  scanner  is  redirected  mechanically 
by  the  scan  mirror  and  not  optically,  the  effective  focal  plane  is  a  curved  surface.  This 
results  in  a  compressive  distortion  in  the  across  track  direction.  This  phenomena  is  known 
as  tangential  distortion  (Lillesand  &  Kieffer,  1987).  Post  processing  can  reduce  this 
tangential  distortion,  but  it  cannot  restore  the  lost  resolution.  The  flight  path  of  the  Kodak 
area  consisted  of  several  racetrack  flight  lines  as  depicted  in  the  figure  below  to  ensure 
complete  coverage  of  the  region  and  also  allow  for  post  processing  of  the  image  to  reduce 
the  areas  with  serious  tangential  distortion. 


Figure  5.2  Line  scanner  image  acquisition 
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5.1.2  Equipment  Specifications  -  Image  1 

In  order  to  accurately  recreate  imagery  using  DIRSIG,  it  is  not  only  necessary  to 
know  details  about  the  image  collection  but  also  the  equipment  specifications.  The  Bendix 
LN3  line  scanner  imaging  system  consists  of  several  integrated  components  (see  Figure 
5.3).  The  heart  of  the  system  is  the  scanner,  which  contains  the  scan  mirror,  detector,  and 
blackbody  reference.  The  detectors  are  maintained  at  77°K  using  liquid  nitrogen.  The 
liquid  nitrogen  improves  the  performance  of  the  system  by  reducing  the  noise  at  the 
detector.  Another  aspect  of  the  system  that  improves  the  imagery  is  the  roll  autopilot.  A 
roll  autopilot  is  used  to  determine  the  attitude  of  the  aircraft  throughout  each  scan  line  so 
that  the  effects  of  an  unstable  platform  can  be  removed  in  post  processing.  This  attitude 
information  along  with  the  data  from  the  detector  are  recorded  by  a  tape  deck  for  eventual 
conversion  on  the  ground  into  the  actual  digital  image. 


Figure  5.3  Bendix  line  scanner 


With  a  basic  understanding  of  the  components  and  operation  of  the  Bendix  Line 
Scanner,  it  is  now  possible  to  discuss  the  exact  equipment  specifications  that  provide  the 
high  resolution  thermal  imagery.  As  explained  earlier,  the  scan  mirror  rotates  in  the  across 
track  direction,  recording  a  raster  image  in  the  process.  The  Bendix  LN3  utilizes  a  3-inch 
scan  mirror  spinning  at  1 10  rev/sec,  providing  a  120°  scan  angle  in  the  across  track 
direction.  With  10°  at  the  edge  of  the  scan  used  to  reference  a  constant  black  body,  the 
resulting  ground  swath  at  a  flying  altitude  of  1000  ft.  is  -1443  ft.  to  +1732  ft.  With  an 
instantaneous  field  of  view  (IFOV)  of  1.0  milliradians,  the  resulting  resolution  of  the 
imaging  system  at  nadir  is  one  foot  at  the  1000  ft.  imaging  altitude. 


43 


Bendix  Responsivity 


Wavelength  (^m) 

Figure  5.4  Filtered  Bendix  responsivity 


The  spinning  scan  mirror  reflects  the 
radiation  to  a  Mercury-Cadmium-Telluride 
(HgCdTe)  detector.  The  filtered  detector 
responsivity  is  shown  in  the  graph  to  the  left. 
The  8-13.5  |am  region  of  the  spectrum,  where 
the  detector  responsivity  is  greatest,  will  be 
modeled  in  DIRSIG. 


5.1.3  Rooftop  Image  Collection  -  Images  2-3 

The  second  set  of  imagery  of  the  Kodak  Hawkeye  plant  and  the  surrounding  area 
was  obtained  using  RIT’s  Infi'ametrics  Model  600  LWIR  camera.  Preliminary  aerial 
images  were  acquired  as  part  of  a  multi-purpose  DIRS  flyover  in  the  Fall  of  1995.  In 
order  to  obtain  the  images  using  a  conventional  aircraft,  the  window  of  a  Cessna  172  was 
held  open  so  that  an  unobstructed  radiation  path  existed  from  the  ground  to  the 
Inframetrics  camera.  Unfortunately,  this  flyover  failed  to  provide  any  useful  imagery 
because  of  improper  camera  settings.  As  a  result,  rooftop  imagery  had  to  be  used  in  the 
validation. 


The  rooftop  imagery  was  taken  from  two  locations:  the  roof  of  the  Kodak 
Hawkeye  plant  &  the  roof  of  the  YMCA  building.  These  two  locations  provided 
additional  and  unique  perspectives  of  the  region  of  interest.  Imaging  from  the  roof  of  the 
Kodak  Hawkeye  plant,  the  church  was  the  primary  target  while  the  Hawkeye  plant  was 
the  focal  point  from  the  YMCA  building.  Unlike  the  Bendix  image,  these  images  were 
taken  at  approximately  1400  on  9  October  1995  in  sunny  conditions.  The  sky  was  clear 
and  the  wind  was  relatively  calm.  At  both  locations,  the  Inframetrics  camera  was  mounted 
on  a  tripod  for  stability.  The  camera  was  focused  on  the  desired  target,  using  the  monitor 
to  display  the  thermal  video,  and  a  VCR  to  record  the  imagery.  (Figure  5.5  depicts  the 
camera  setup  &  the  components  of  the  Inframetrics  imaging  system.)  Different 
temperature  ranges  were  selected  on  the  Inframetrics  controller  to  ensure  complete 
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coverage  of  the  temperature  ranges  in  the  scene  and  eliminate  saturation  in  the  output 
image,  a  problem  that  plagued  the  flyover  imagery.  Once  the  rooftop  imaging  was 
complete,  the  temperature  of  the  river  was  measured.  The  temperature  of  the  river 
provided  a  reference  temperature  that  could  later  be  used  for  in-scene  calibration  of  the 
imagery.  Selected  frames  from  the  video  were  then  converted  into  digital  imagery  using 
IMLAB  and  RIT  facilities.  This  digitization  revealed  a  large  amount  of  noise  in  the 
imagery.  Post  processing  was  used  to  average  multiple  frames  of  the  video  in  an  attempt 
to  reduce  the  noise.  These  post  processed  images  were  used  in  the  validation.  However, 
the  amount  of  noise  in  the  imagery  combined  with  the  fact  that  the  camera’s  calibration 
was  not  updated  in  the  lab  prior  to  acquisition,  the  validation  analysis  was  limited  to  rank 
order  correlation  techniques. 


Figure  5.5  Inframetrics  video  camera  system 


5.1.4  Equipment  Specifications  -  Images  2-3 

The  Inframetrics  Model  600 IR  Imaging  Radiometer  resembles  a  normal  VCR 
camcorder;  a  camera  body  is  used  to  acquire  the  image,  a  small  monitor  is  used  to  display 
real  time  video  output,  and  a  video  recorder  is  used  for  permanent  storage.  Similar  to 
traditional  cameras,  the  Inframetrics  uses  lenses  and  mirrors  to  direct  the  photons  to  the 
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detector,  but  the  lenses  are  fabricated  of  materials  that  transmit  longer  wavelengths  of 
energy.  This  is  where  the  similarities  end  with  a  traditional  camera,  and  the  Inframetrics 
more  closely  resembles  the  Bendix  line  scanner.  Instead  of  using  a  traditional 
photosensitive  medium  such  as  film  to  detect  the  photons,  the  Inframetrics  camera  has  a 
single  Mercury-Cadmium-Telluride  (HgCdTe)  detector  that  is  scanned  mechanically 
across  the  scene.  Also  like  the  Bendix  line  scanner,  a  blackbody  reference  source 
maintained  at  77  °K  using  liquid  nitrogen  is  used  for  calibration  of  the  detector  while 
ensuring  maximum  thermal  contrast,  resolution,  and  noise  reduction  of  the  imaging 
system.  (Figure  5.6  shows  the  responsivity  of  the  Inframetrics  system.) 


Inframetrics  Responsivity 


Figure  5.6  Filtered  Inframetrics 
Responsivity 


In  order  to  acquire  an  image,  the 
operator  of  the  camera  must  first  set  the 
desired  imaging  parameters  on  the  control 
unit.  This  includes  limiting  the 
electromagnetic  spectrum  to  the  8- 12pm 
region  using  pre-set  filters.  The  desired 
center  reference  temperature  and  the 
appropriate  temperature  span  are  also  entered 
by  the  operator.  The  viewing  area  is  then 
brought  into  focus,  and  the  infrared  system  is 
ready  to  record  video  imagery. 


The  acquisition  of  high  quality  video  imagery  depends  on  both  the  frame  rate  and 
the  scan  speed  of  the  system.  The  frame  rate  refers  to  the  rate  at  which  images  are 
updated  on  the  monitor,  and  the  scan  speed  is  the  rate  at  which  complete  thermal  imagers 
are  acquired  by  the  mechanical  scanner.  The  actual  video  imagery  is  updated  at  a  frame 
rate  of  60Hz  to  prevent  flicker  in  the  monitor  display,  and  the  scan  rate  of  4  kHz  provides 
a  balance  between  resolution  and  distortion.  So  what  does  all  this  mean  in  the  end  —  the 
Inframetrics  is  capable  of  acquiring  rapidly  moving  targets  without  distortion. 
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Like  any  imaging  system,  the  final  ground  resolution  is  defined  by  the  imaging 
system  parameters.  The  field  of  view  for  the  Inframetrics  is  1 5  degrees  in  the  vertical  by 
20  degrees  in  the  horizontal.  With  a  2mrad  resolution  in  both  the  horizontal  and  vertical 
directions,  this  field  of  view  results  in  200  lines  per  frame  with  256  pixels  per  line.  The 
output  video  imagery  is  displayed  as  128  shades  of  gray,  a  7  bit  dynamic  range.  These 
128  shades  of  gray  are  used  to  display  either  a  5,  10,  20,  50,  100,  or  200  degree 
temperature  range,  as  selected  by  the  operator.  The  final  parameter  that  affects  the 
resolution  and  is  also  used  to  describe  the  quality  of  a  thermal  imaging  system  is  the  Noise 
Equivalent  Temperature  Difference  (NEAT).  While  the  Inframetrics  camera  has  an 
advertised  NEAT  of  0.2°C,  actual  imagery  places  the  NEAT  closer  to  0.5°C. 


5.1.5  Image  Collection  Summary 

The  image  collection  and  equipment  specifications  are  summarized  in  the  following 
table.  The  resulting  imagery  can  also  be  seen  below.  Visible  imagery  is  also  shown  in 
conjunction  with  the  thermal  imagery  as  a  reference. 


Table  5.1  Validation  imagery  -  specification  summary 


Imaging  System 
Parameter 

Image  1 

Image  2 

Image  3 

Date 

10  Nov  91 

12  Oct  95 

12  Oct  95 

Time  of  Day(EST) 

0230 

1300 

1500 

Platform 

Piper  Aztec 

Kodak  Roof 

YMCA  Roof 

Altitude 

1000  ft  (AGL) 

585  ft  (MSL) 

497  ft  (MSL) 

Perspective 

Nadir 

Oblique 

Oblique 

Camera 

Bendix  LN3 

Inframetrics 

Inffametrics 

Line  Scanner 

Video  Camera 

Video  Camera 

Bandpass 

8-14  ixm 

8-12  pm 

8-12  pm 

Recording  Device 

Tape  Deck 

Video  Tape 

Video  Tape 

IFOV 

1  mRad 

2  mRad 

2  mRad 

NEAT 

o 

io 

o 

n 

0.5 

0.5  °C 

Resolution 

ift 

2.5  ft 

2ft 
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Lwm 


Image  3  -  Inframetrics  (Oblique  Hawkey e) 


Visible  LWIR 
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5.2  Scene  Development  &  Synthetic  Image  Generation 

Once  the  area  of  interest  was  defined  from  the  available  imagery,  the  creation  of 
the  synthetic  image  began.  However,  before  any  facets  could  be  drawn  on  AutoCad,  the 
dimensions,  sizes,  and  locations  of  all  objects  in  the  scene  needed  to  be  estimated.  Initial 
thoughts  involved  using  a  GPS  to  approximate  positions,  measuring  buildings  with  a  tape 
measure,  estimating  distances  from  imagery,  and  using  actual  blueprints  to  recreate  the 
objects  in  the  scene.  In  the  end,  a  combination  of  all  these  methods  would  have  to  be  used 
to  model  the  area  near  the  Kodak  Hawkeye  plant. 


A  major  breakthrough  in  the  development  of  the  scene  occurred  when  it  was 
discovered  that  the  city  of  Rochester  had  digital  drawings  of  the  city,  depicting  all  roads, 
sidewalks,  property  boundaries,  and  buildings.  While  the  drawings  were  only  in  two 
dimensions,  it  provided  a  plan  view,  or  outline,  for  all  objects  in  the  scene.  This  would 
permit  highly  accurate  drawings  in  two  dimensions,  x  and  y.  The  following  picture  shows 
the  plan  view  of  the  region  of  interest  that  was  obtained  from  the  City  of  Rochester  - 
Department  of  Environmental  Services  (Mr.  JeffTiede). 


Figure  5.7  2-D  city  template 

However,  the  elevation  of  the  ground  and  the  heights  of  structures  were  still  needed.  This 
information  would  ultimately  be  provided  by  a  combination  of  USGS  elevation  maps  and 
the  methods  previously  discussed.  With  the  dimensions  of  all  the  objects  in  the  scene,  the 
drawing  of  each  facet  could  begin. 
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5.2.1  Terrain  Generation 


The  drawing  of  the  terrain  proved  to  be  one  of  the  most  difficult  tasks  in  the 
development  of  the  scene  because  of  the  lack  of  information  available.  Defense  Mapping 
Agency  (DMA)  Digital  Elevation  Models  (DEM)  of  the  area  were  considered,  but  these 
maps  have  a  resolution  of  only  30  meters,  or  100  feet.  Because  a  higher  resolution  was 
desired,  USGS  maps  from  1972  were  used  to  provide  elevation  information.  These  maps 
have  a  resolution  ranging  from  5  feet  to  25  feet,  depending  on  the  rate  of  change  of  the 
elevation.  However,  this  information  still  needed  to  be  converted  into  a  digital  form  so 
that  it  could  be  used  in  drawing  the  terrain  facets  in  AutoCad. 

The  USGS  maps  were  first  photocopied  and  then  enlarged  to  provide  better  detail 
of  the  contour  lines.  These  enlarged  maps  were  digitized  using  a  digitizing  tablet 
connected  to  a  personal  computer.  A  first  order  registration,  rotation  and  scaling,  was 

then  performed  to  match  the 
elevation  information  with  the  digital 
template  of  the  city.  The  results  can 
be  seen  in  the  contour  map  (Figure 
5.8),  where  the  overall  scene  is 
approximately  3000ftx3000fl 
( 1  kmx  1  km).  Also  shown  is  the 
decrease  in  resolution  of  the  contour 
map  from  5  ft  to  25  ft.  The  contour 
map  provided  precise  latitude, 
longitude,  and  elevation  data  for  the 
terrain.  The  terrain  facets,  to 
include  the  roads  and  river,  could 
then  be  drawn. 

The  resulting  terrain  can  be  seen  in  the  following  pictures.  The  terrain  included  a 
maximum  elevation  of  525  feet  and  a  minimum  elevation  of  245  feet.  In  addition  to  the 


5ft  25  ft 


^ - 1  km - ► 


Figure  5.8  Contour  map 
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undulating  grassy  terrain,  a  200  foot  gorge  made  of  rock,  clay,  and  grass  bisects  the 
region.  A  100  foot  waterfall  can  also  be  found  near  the  southern  edge  of  the  region. 
Asphalt  roads  and  concrete  sidewalks  complete  the  essential  components  in  the  layout  of 
the  terrain.  More  detail  on  the  actual  construction  of  the  terrain  can  be  found  in  Appendix 
C  -  AutoCad  Scene  Construction. 


Figure  5.9  AutoCad  terrain 


5.2.2  Building  Generation 

With  the  terrain  completed,  the  next  stage  in  the  development  of  the  scene 
involved  adding  houses  and  buildings.  The  city  template  provided  a  starting  point  as  it 
showed  the  outlines  of  all  structures,  but  it  didn’t  provide  any  information  about  heights  of 
buildings  or  roof  shapes.  While  USGS  maps  were  used  to  provide  the  elevation  of  the 
terrain,  an  alternative  method  of  determining  the  heights  and  shapes  of  the  buildings  was 
needed.  This  is  where  the  visible  imagery  of  the  scene  and  site  measurements  were  used 
to  provide  the  remaining  pieces  of  information. 


On-site  measurements  were  taken  of  several  buildings  near  the  Kodak  Hawkeye 
plant.  These  measurements  were  obtained  using  two  methods,  depending  on  the 
accessibility  of  the  object  being  measured.  For  objects  that  were  relatively  small  and  that 
could  be  reached  easily,  such  as  windows,  a  tape  measure  was  used.  Unfortunately,  this 
method  could  not  be  used  to  measure  the  heights  of  buildings.  So,  a  picture  of  the 


52 


building  was  taken  with  a  reference  object  placed  into  the  imagery.  Knowing  the  size  of 
the  reference  object,  a  6’  board,  a  scale  for  each  picture  could  then  be  developed  to 


estimate  the  heights  of  the  buildings.  This  method  provided  fairly  accurate  geometric 
information  for  several  buildings.  Figure  5.10  shows  the  reference  object  that  was  used  to 
estimate  the  size  of  the  buildings. 


Figure  5.10  Church  &  YMCA  buildings  with  reference  object 
These  buildings,  including  the  Kodak  Hawkeye  plant,  the  RG&E  electrical  plant,  and  a 
strip  mall  were  the  focal  points  for  the  geometric  and  radiometric  validation.  The 
locations  of  these  key  buildings  in  the  scene  are  shown  below,  along  with  the  AutoCad 
drawings  (Figure  5.12)  and  resulting  DIRSIG  imagery  (Figure  5.11). 


Figure  5.11  Scene  layout 
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Figure  5.12  AutoCad  Buildings 


This  method  of  information  gathering  was  very  time  consuming,  even  for  two  students, 
and  with  over  800  houses  and  buildings  in  the  scene,  an  alternative  method  was 
desperately  needed.  So,  an  inspection  and  characterization  of  the  objects  in  the  scene  was 
performed.  This  inspection  revealed  the  houses  in  the  scene  could  be  categorized  into 
four  main  types,  roof  perpendicular  to  the  street,  roof  parallel  to  the  street,  hipped  roof,  & 
garage.  Because  the  houses  were  so  similar,  it  was  possible  to  create  just  four  generic 
houses.  Using  the  2-D  template  from  the  city,  these  ‘generic’  houses  were  scaled  to  fit  the 
appropriate  dimensions  of  the  houses  in  the  scene.  The  x  &  y  scaling  was  based  on  the 
outline  of  the  houses  as  provided  by  the  city  template  and  the  z  scale  factor  was  set  to  the 
height  of  the  house.  For  two  story  houses,  a  scale  factor  of  approximately  35  was  used, 
resulting  in  a  building  height  of  35  feet.  Similarly,  garages  were  given  a  z  scale  factor  of 
10-15  to  provide  roof  heights  of  about  12  feet.  These  generic  houses  were  inserted  at  the 
elevations  of  the  terrain,  sinking  them  in  the  ground  slightly  to  ensure  that  they  were  not 
floating  in  the  air.  As  seen  in  the  following  drawings,  the  detail  of  the  houses  was  limited 
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to  reduce  the  number  of  facets  in  the  scene.  With  over  800  houses  in  the  scene,  the 
addition  of  just  two  windows  per  house  adds  almost  2000  facets  to  the  scene,  greatly 
increasing  the  computational  time  required  to  generate  the  synthetic  image. 


Parallel  Roof  House  with  Dormer  Perpendicular  Roof  House 


Figure  5.13  AutoCad  Houses 

About  100  buildings  and  houses  did  not  fit  into  these  four  main  categories.  In 
these  cases,  actual  imagery  was  used  to  estimate  the  size  and  shape  of  the  buildings. 

Aerial  imagery  in  the  visible  region  was  available  at  both  a  nadir  perspective  and  an 
oblique  perspective.  The  size  and  shape  of  the  remaining  buildings  were  estimated  based 
upon  the  size  of  the  surrounding  objects.  While  not  as  accurate  as  measuring  the  building, 
it  provided  a  close  approximation  of  the  roof  structure  and  height  of  the  building  (the  plan 
view  of  the  building  being  used  to  ‘frame’  the  walls). 
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5.2.3  Miscellaneous  Object  Creation 

While  it  was  impossible  to  recreate  every  object  in  the  city,  it  was  necessary  to  try 
and  recreate  the  important  features  that  were  prominent  in  the  truth  imagery.  The  final 
additions  to  the  scene  consisted  of  various  objects  to  make  the  scene  appear  more 
realistic.  This  meant  that  trees  would  need  to  be  included  in  the  scene,  but  they  would  not 
have  to  reveal  individual  leaves  or  intricate  structures.  Because  of  a  memory  limitation 
that  was  related  to  the  number  of  facets  in  the  scene,  the  tress  in  the  gorge  were  very 
basic,  created  using  only  20  facets  per  tree  without  a  tree  trunk.  The  trees  in  the 
residential  areas  were  still  primitive  but  contained  over  75  facets,  including  a  tree  trunk 
and  basic  branch  structure.  In  the  end,  over  one  thousand  of  these  trees  were  ‘planted’ 
throughout  the  gorge  and  the  residential  areas.  While  all  the  trees  were  deciduous  and  not 
coniferous,  the  trees  provided  the  thermal  shading  and  variation  in  the  scene  that  was 
typical  of  a  real  image.  Additional  objects  included  the  rose  garden  near  the  strip  mall  on 
the  western  side  of  the  gorge.  The  Driving  Park  Bridge,  created  by  Jim  Salacain,  was  also 
included  in  the  scene  to  add  realism  to  the  scene  (Salacain  1995).  Some  of  the  special 
buildings  and  objects  are  shown  in  the  following  visible  imagery  and  thermal  DIRSIG 
imagery. 


Figure  5.14  Miscellaneous  object  details 
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5.2.4  Meteorological  Data  -  Weather  &  Atmosphere 


Meteorological  data  used  in  modeling  the  truth  imagery  was  obtained  from  the 
U.S.  National  Climactic  Center.  The  weather  data  for  the  local  Rochester  area  included 
all  necessary  information  for  the  DBR.SIG  weather  file,  except  for  the  direct  &  dififiise 
insolation  values.  These  solar  loading  values  were  estimated  using  THERM’s  ability  to 
forecast  the  weather.  By  describing  the  preceding  48  hours  of  weather  to  THERM,  it  can 
predict  the  remaining  weather  parameters  that  are  needed  for  DIRSIG.  The  atmospheric 
profile  was  created  by  Modtran  using  a  combination  of  radiosonde  data  from  Buffalo,  NY 
from  0700,  corrected  for  local  surface  temperature,  and  Modtran  specified  inputs.  These 
specified  inputs  included  the  atmospheric  model  type,  aerosol  extinction  type,  and  cloud 
models  (The  Modtran  card  deck  and  meteorological  information  can  be  found  in  Appendix 
B).  An  example  of  a  Modtran  estimated  atmospheric  profile  can  be  seen  in  the  following 
graphs  for  the  10  November  1991  imaging  data.  The  use  of  the  measured  meteorological 
data,  weather  data,  and  computer  model  results  provided  all  necessary  information  for  the 
DIRSIG  synthetic  imagery. 


Figure  5.15  Atmospheric  profile 


5.2.5  Sensor  Parameters  &  Profile 

The  completion  of  the  synthetic  image  relied  on  the  image  collection  parameters 
and  equipment  specifications.  These  were  extracted  from  the  collection  parameters 
discussed  earlier.  The  sensor  responsivity  was  specified  in  the  *.sen  file  and  the  image 
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collection  parameters  were  included  in  the  *.adv  and  *.snd  files.  The  motion  profile  of 
the  plane  was  specified  for  the  Bendix  line  scanner  -  Image  1.  This  information  was  taken 
from  the  recordings  of  the  autopilot  on  the  image  collection  date  and  is  listed  in  the  *‘Pff 
and  *./?*/ files.  The  exact  format  and  data  in  these  files  can  be  found  in  Appendix  B. 

5.2.6  Image  Creation  Summary 

The  large  variety  of  items  and  the  size  of  the  area  resulted  in  a  very  complex  scene. 
This  complexity  was  reduced  by  dividing  the  scene  into  20  different  ‘regions’,  16  land 
regions  and  4  water  regions.  While  each  of  the  land  regions  was  a  DIRSIG  object, 
consisting  of  the  terrain,  street,  sidewalk,  house,  and  building  parts,  the  water  regions 


Figure  5.16  Hawkeye  scene  construction 

consisted  only  of  water.  The  tree  objects  were  similar  to  the  water  regions,  comprised  of 
only  individual  trees.  These  divisions  helped  when  making  modifications  to  the  scene  and 
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also  allowed  the  scene  to  be  tested  quickly.  In  a  scene  this  complex  that  often  requires 
modifications,  it  can  be  extremely  difficult  and  time  consuming  to  make  any  changes  at  the 
facet  level.  This  problem  was  alleviated  through  the  division  of  the  scene  and  the  use  of 
AutoCad  script  files.  Script  files  were  used  to  rebuild  all  the  objects  and  the  overall  scene. 
This  reduced  the  effort  and  time  required  to  rebuild  a  scene  after  a  modification  was  made. 

In  the  end,  about  50  materials  from  a  database  of  over  250  materials  were  assigned 
to  facets  in  the  scene.  Generic  material  parameter  values  were  initially  used  in  the  scene 
but  were  later  optimized  to  reduce  the  radiometric  error.  The  optimization  of  the  material 
parameters  is  described  in  detail  in  the  following  section.  A  listing  of  the  materials  that 
were  assigned  to  the  various  faceted  objects  in  the  scene  is  shown  below. 

Building  Construction  Materiak  (BCM)  SoUJwater _  Surface  Construction  Material  (SCM) . }^SS!S!i"!L _ 

Roof  -  aluminum  *  Soil  -  clay  -  gray  Asphalt  -  parking  lot  -  dark/new  Grass 

Roof  -  asphalt  shingles  -  colored  Soil  -  clay  -  red  Asphalt  -  parking  lot  -  old/weathered  Tree  -  deciduous 

Roof  -  gravel  Soil  -  dirt  -  brov™  Asphalt  -  street  Tree  -  trunk 

Roof  -  steel  Soil  -  gravel  -  light  brown  Concrete  -  street/sidewalk 

Wall  -  brick  -  colored  *  Water  -  Genesee  River 

Wall  -  concrete 

Wall  -  wood  -  colored 

Window  -  glass  _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ . 

-10  colors  were  available  for  each  of  these  materials 

The  goal  of  this  validation  is  to  determine  how  well  DIRSIG  models  the  real 
world,  but  the  error  in  the  synthetic  image  depends  on  the  accuracy  of  its  creation.  While 
error  in  the  synthetic  image  was  reduced  through  the  optimization  of  the  input  parameters, 
including  the  material  and  meteorological  parameters,  some  errors  are  still  unavoidable 
and  inevitable.  These  errors  may  only  be  eliminated  through  countless  hours  of  research 
and  work.  As  a  result,  some  error  is  often  accepted  to  reduce  the  time  involved  in 
researching  and  creating  a  scene.  The  following  table  summarizes  the  expected  geometric 
accuracy/error  that  was  tolerated  when  creating  the  buildings  for  the  synthetic  image. 
While  this  geometric  error  could  have  been  reduced,  these  errors  represented  an 
acceptable  balance  between  time  and  accuracy. 
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Table  5.2  Estimated  geometric  accuracy 


Ofiject 

Estimated 

Geometric  Accuracy  | 

Z 

Undulating  Terrain 

±  lOft 

±  10  ft 

±  5ft 

Gorge 

±  lOfl 

±10  ft 

±  15  ft 

River  Bed 

±  lOft 

±  10  ft 

±  5ft 

Streets/Sidewalks 

±  3ft 

±  3ft 

+  5ft 

Houses 

±  5ft 

±  5ft 

+  5ft 

Detailed  Buildings 

±  2ft 

±  2ft 

±  2ft 

Estimated  Buildings 

±  5ft 

±  5ft 

±  10  ft 

All  these  different  components  that  have  been  discussed  are  required  to  generate  a 
single  DIRSIG  image.  The  best  results  are  achieved  when  measured  or  actual  data  is 
available,  but  the  DIRSIG  environment  provides  the  tools  to  estimate  all  the  input 
parameters  if  measured  data  is  not  available.  The  following  table  summarizes  the  input 
files  and  the  sources  that  were  used  in  recreating  the  Bendix  line  scanner  imagery  and  the 
Inffametrics  video  imagery  (the  files  can  be  found  in  Appendix  B) 


Table  5.3  DIRSIG  input  file  summary 


Inputs 

Description 

Source 

*adv 

AutoCad  view  file  containing  the  scene  and  imaging 
parameter  coordinates  in  AutoCad  units 

DVIEW  &  user  specified 

*.cdk 

Modtran  card  deck  used  to  create  the  radiance  file 

CONTROL  7  &  user  specified 

*.ems 

Material  emissivities  that  are  a  function  of  the  wavelength 

DCS  Corporation  & 

and  look  angle 

NEF  Database 

*gdb 

Geometric  Database  containing  each  facet’s  location, 
normal,  and  material 

DIRSIGFMT  &  AutoCad  output 

*.mat 

Material  file  containing  the  physical  properties  of  each 

DCS  Corporation  & 

material 

NEF  Database 

*prf 

platform  motion  profile  containing  the  flight  profile  of  the 
plane 

Actual  sensor  data 

*psf 

platform  specification  file  containing  the  imaging  system 
parameters 

Actual  sensor  data 

*,rad 

radiance  file  containing  the  bandpass  atmospheric 
parameters  used  in  DIRSIG 

Modtran 

*,rsd 

radiosonde  data  from  Buffalo  NY  that  is  used  by  Modtran 

Measured  data 

to  predict  the  atmospheric  profile 

Buffalo,  NY 

*,sen 

Sensor  responsivity  file  containing  the  spectral  response 
of  the  sensor 

Actual  sensor  data 

*,snd 

Scene  node  file  containing  the  bandpass  spectral  ranges 
and  the  data  that  relates  the  scene  position  to  the  earth 
and  sun 

DVIEW  &  user  specified 

*,wth 

weather  file  containing  48  hours  of  weather  prior  to  the 

THERM  or 

imaging  time 

measured  data  -  Rochester,  NY 

model 

line  scanner  file  containing  synthetic  image  parameters 

Actual  sensor  data 
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5.3  DIRSIG  Validation  Results 


Once  all  the  DIRSIG  input  files  were  completed,  a  synthetic  image  was  generated. 
The  resulting  image  was  acceptable,  but  some  differences  were  apparent  between  the 
synthetic  and  primary  truth  imagery.  This  was  understandable  since  only  a  limited  amount 
of  actual  measured  data  was  available  for  the  creation  of  the  synthetic  image.  Since  a 
synthetic  image  is  only  as  good  as  the  inputs,  it  was  evident  that  some  of  the  input 
parameters  needed  improvement.  This  is  where  the  analysis  of  the  meteorological  and 
material  input  parameters  was  used  to  optimize  the  inputs  and  reduce  the  differences 
between  the  synthetic  and  truth  imagery.  The  input  parameter  analysis  and  optimization  is 
discussed  in  detail  in  the  following  section.  Section  6.0  -  Input  Parameter  Analysis  & 
Optimization.  These  optimized  input  parameters  were  then  used  for  the  final  validation 
with  the  truth  imagery. 

With  the  input  parameters  to  DIRSIG  optimized,  the  process  of  validating  the 
synthetic  imagery  could  begin.  A  quick  assessment  of  the  imagery  could  be  made  visually, 
but  the  goal  of  the  validation  was  to  asses  the  imagery  mathematically  using  root  mean 
square  error  and  rank  order  correlation.  The  RMS  error  of  the  Bendix  line  scanner  imagery 
was  found  first,  followed  by  the  rank  order  correlation.  The  Inframetrics  imagery  was  then 
analyzed  using  only  rank  order  correlation. 

5.3.1  Validation  -  Primary  Truth  Imagery  (Bendix  line  scanner) 

The  imagery  shown  on  the  following  pages  was  used  to  validate  DIRSIG.  The 
Bendix  and  DIRSIG  line  scanner  imagery  of  the  entire  region  is  presented  first.  This 
imagery  is  followed  by  additional  imagery  of  selected  regions  of  interest,  to  include  the 
church,  gorge,  garden,  strip  mall,  and  Hawkeye  plant.  The  imagery  has  been  contrast 
enhanced,  where  the  entire  temperature  span  in  the  imagery  is  less  than  10  degrees.  The  fact 
that  the  temperature  range  was  so  limited  reveals  the  difficulty  in  simulating  nighttime  LWIR 
imagery.  During  the  day,  solar  effects  add  to  the  temperature  range  and  thermal  contrast  in 
a  scene  as  the  visible  characteristics  of  the  objects  affect  the  temperatures.  At  night,  these 
visible  characteristics  have  limited  effects  on  the  temperature  of  objects.  As  a  result,  objects 
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tend  to  look  similar  at  night,  and  the  overall  temperature  range  in  a  scene  is  much  less  than 
the  day. 

Visually  examining  the  imagery  on  the  following  pages,  several  differences  and 
discrepancies  must  be  explained.  In  the  imagery  of  the  overall  scene,  the  river  is  noticeably 
wider  in  the  synthetic  image  than  in  the  truth  image.  This  difference  results  from  the  water 
level  variation  of  the  Genesee  river.  The  2-D  city  template  was  used  to  set  the  boundaries 
of  the  river,  but  evidently  the  water  level  of  the  river  was  higher  when  the  city  template  was 
developed.  Another  difference  that  must  be  mentioned  involved  the  trees  in  the  synthetic 
image.  The  trees  in  the  synthetic  image  were  provided  to  enhance  the  visual  appearance  of 
the  image.  These  trees  provided  the  shading  and  variation  visible  in  the  truth  imagery. 
However,  these  trees  have  the  characteristics  of  deciduous  trees  during  the  summer,  not 
coniferous  trees  in  the  winter  that  are  present  in  the  truth  imagery. 

There  are  also  some  visual  differences  that  must  be  pointed  out  in  the  imagery  of  the 
selected  regions.  Most  importantly  is  the  geometric  difference  between  the  truth  and 
synthetic  imagery.  The  synthetic  imagery  of  these  selected  regions  was  generated  using  a 
frame  camera  model  to  reduce  DIRSIG  run  times  while  the  actual  imagery  shows  the  line 
scanner  distortions.  An  additional  geometric  difference  is  evident  in  the  mall  imagery.  After 
the  truth  imagery  was  acquired  in  1991,  the  gas  pumps  at  the  top  left  of  the  image  were 
removed  and  replaced  with  the  strip  mall  shown  in  the  synthetic  image.  In  addition,  none  of 
the  houses  in  the  synthetic  imagery  had  chimneys.  As  a  result,  the  white  hot  chimneys  seen 
in  the  truth  imagery  are  not  seen  in  the  synthetic  imagery.  The  final  visual  difference  that 
must  be  explained  is  the  dark  shadows  evident  around  the  bases  of  the  buildings  in  the 
synthetic  imagery.  These  dark  shadows  were  caused  by  a  coding  error  in  DIRSIG.  The 
coding  error  has  since  been  fixed  and  these  effects  are  no  longer  evident  in  the  synthetic 
imagery. 

The  imagery  shows  that  DIRSIG  was  able  to  closely  model  the  real  world,  despite 
the  relatively  low  contrast  typical  of  the  night  imaging  conditions.  After  visually  assessing 
the  synthetic  image,  it  was  necessary  to  quantify  the  radiometric  accuracy  of  the  synthetic 
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imagery.  With  over  800  houses,  buildings,  and  objects  in  the  scene,  it  would  be  impossible 
to  evaluate  each  individual  object.  Therefore,  key  structures  were  identified  to  test  the 
radiometric  accuracy  of  DIRISIG.  Once  the  validation  points  were  identified,  it  was 
necessary  to  establish  a  common  unit  for  comparison  of  the  imagery.  The  output  imagery 
from  DIRSIG  was  in  radiance  units  while  the  Bendix  imagery  was  in  digital  counts.  The 
Bendix  imagery  was  first  converted  from  digital  counts  into  radiance  values  using  the  gain 
and  bias  of  the  sensor  (Snyder  1994). 

L=0.06825-ADC  +  27.8  (5.1) 

where  ^Cotject  “  ^Cblackboc/y 

DCblackbody  “  1 64 . 79 

This  established  a  common  unit  of  radiance  between  the  synthetic  and  truth  imagery.  To 
make  the  analysis  more  informative,  the  radiance  values  were  converted  to  apparent 
temperatures.  Reference  temperatures  ranging  from  260  to  305°K  were  used  to  develop  a 
linear  conversion  as  described  in  Section  4.0.  This  linear  conversion  was  applied  to  both  the 
Bendix  and  DIRSIG  imagery. 

Tapparent  =  Radiancei„pufl  .922  +  223.426  (5.2) 

The  apparent  temperatures  of  the  specified  structures  in  the  synthetic  image  could  then  be 
compared  to  the  apparent  temperatures  of  the  same  structures  in  the  truth  imagery. 
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DIRSIG  Imagery 
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DIRSIG  church  imagery 


Bendix  church  imagery 


DIRSIG  gorge  imagery 


Bendix  gorge  imagery 


DIRSIG  garden  imagery 


Bendix  garden  imagery 


5.3.1.1  Material  Radiometric  Accuracy  -  Root  Mean  Square  Error 

The  major  task  of  the  validation  involved  assessing  the  radiometric  accuracy  of  the 
synthetic  imagery.  The  average  apparent  temperature  from  several  pixels  in  the  synthetic 
image  were  compared  to  the  average  apparent  temperature  from  the  same  object  in  the  truth 
imagery.  The  root  mean  square  error  detected  global  errors  as  well  as  individual  errors. 

The  truth  values  were  compared  to  two  sets  of  DIRSIG  imagery;  one  created  from  the 
generic  inputs  and  the  other  created  from  the  optimized  inputs.  This  showed  the 
improvement  of  the  DIRSIG  imagery  after  optimizing  the  input  parameters.  The  imagery 
below  shows  the  material  validation  points  that  were  used  to  assess  the  imagery. 


Apparent  Temperature 


Table  5.4  RMS  error  validation  results  -  Bendix  imagery 


RMS  Apparent  Temperatures 

SIG  Error 

Gen  Opt  Gen  Opt 


Object 

(Mat  ID  niiunber) 


Truth 


Building  instruction 

Materials  3 

aluminum, ^0 

asphalt  sh^le  #65 

roof  grave®;!  2 

brick  #75  If 

wall  conci^  #53 

wall  wood|#85  4.  ' 

SoilsAVatM 

gray  clay  MO  >  -y :  ■ 

red  clay  #4t| 

brown  dirt^p  ■  .7;  ; 

It  brown  gwel  #43 
water  -  GeaKsse 
Surface' tSstructibh  ''':'  * 
Materials 

asphalt  stre#  k 

concrete  '  .4, 

Vegetatiodi  -£. 
grass  #4  g.;  '■ 
tree  decidfesfeS'  4  '  ' 


•3.96  -1Z67 

4.29  -12.71 

■5.50  -12.90 

•2.58  -9.7$ 

1.83  ;:'»-3.7d 
3.10  -10.21 


RMS  Error 
Generic  -  6.8707 
Optimum  -  1.0782 


Material  Evaluation 
Aj^arent  Temperature  Comparisons 


ED  Truth  H  DIRSIG  Generic  B  DI RSI G  optimized 
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Figure  5.19  Material  evaluation  results 


The  dramatic  improvement  in  the  synthetic  image  after  optimizing  the  input 
parameters  was  evident  in  these  results.  The  large  bias  seen  in  the  generic  input  parameters 
was  eliminated  by  increasing  the  surface  air  temperature  by  4  degrees.  The  input  parameter 
analysis  also  showed  which  material  parameters  to  alter  to  further  reduce  the  error  in  the 
synthetic  image  (see  Section  6.1.2).  The  overall  optimization  reduced  the  apparent 
temperature  error  from  nearly  seven  degrees  to  approximately  one  degree.  In  addition, 
there  were  no  materials  with  exceptionally  large  errors  in  the  final  synthetic  imagery.  It  was 
possible  to  closely  model  the  specified  points  with  the  optimized  materials  database.  The 
only  trends  that  manifested  themselves  in  the  results  were  for  materials  with  vertical 
orientations.  The  nadir  perspective  of  the  Bendix  imagery  made  it  difficult  to  find  large 
consistent  areas  of  these  materials  for  optimizing  the  input  parameters. 

These  same  validation  points  were  then  assessed  using  rank  order  correlation.  Similar 
to  the  RMS  analysis,  both  the  generic  and  optimized  DIRSIG  imagery  was  analyzed  to 
determine  the  improvement  or  degradation  after  the  input  parameter  optimization.  The  ROC 
analysis  removed  the  global  errors  in  the  results  caused  by  the  surface  air  and  determined  the 
relative  improvement  after  the  optimization  of  the  material  parameters. 
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5.3. 1.2  Material  Radiometric  Accuracy  -  Rank  Order  Correlation 

Understanding  the  RMS  error  and  bias  in  the  results,  the  rank  order  correlation 
showed  how  accurately  DIRSIG  created  the  relative  diflferences  in  the  apparent 
temperatures  of  the  materials.  It  removed  the  large  bias  seen  in  the  generic  input  parameters 
and  revealed  the  relative  improvement  in  the  results  after  the  optimization  of  the  material 
parameters.  It  is  the  relative  temperature  differences  that  automated  target  recognition 
system  rely  on  to  distinguish  objects.  The  rank  order  correlation  results  are  shown  in  the 
imagery,  table,  and  graphs  on  the  following  pages.  The  hottest  object  was  ranked  number  1 
and  the  coldest  object  was  ranked  number  15.  A  ROC  coefficient  of  1 .0  is  perfect. 

The  ROC  analysis  yielded  very  strong  validation  results  for  both  the  generic  and 
optimized  DIRSIG  imagery.  The  ROC  coefficient  increased  from  0.8892  to  0.9214  after  the 
optimization  of  the  input  parameters.  The  removal  of  the  global  error  in  the  generic  results 
showed  the  accuracy  of  the  generic  materials  in  representing  the  actual  materials  in  the 
scene.  Seven  materials  in  the  generic  DIRSIG  imagery  had  the  exact  same  rank  as  the  truth 
imagery  in  comparison  to  10  exact  rankings  in  the  optimized  DIRSIG  imagery.  In  addition, 
the  largest  ranking  error  was  5  for  the  generic  and  4  for  the  optimized  imagery.  DIRSIG 
was  able  to  closely  model  the  real  world,  despite  the  low  contrast  typical  of  the  night 
imaging  conditions. 

The  main  area  of  error  was  centered  on  the  soils  and  the  building  construction 
materials.  Large  rank  errors  were  seen  for  the  dirt  and  gravel  and  the  brick  and  concrete 
walls.  This  is  understandable  because  of  the  similarity  in  these  materials.  The  material 
parameters,  i.e.  thermal  conductivity,  heat  capacity,  and  emissivities,  for  the  soils  were  all 
closely  related.  As  for  the  brick  and  concrete  walls,  the  apparent  temperature  of  these 
materials  is  strongly  affected  by  the  internal  heat.  Not  accounting  for  the  internal  heat  may 
have  contributed  to  the  error.  Despite  these  ranking  errors,  the  overall  results  showed  that 
DIRSIG  can  model  the  very  difficult  nighttime  LWIR  imaging  conditions  present  in  the  truth 
imagery  quite  well. 


70 


Table  5.5  ROC  validation  results  -  Bendix  imagery 


""" 

'4--- 

- Truth 

—H — DIRSIG  Generic 
—A —  DIRSIG  Optimized 

12  3  4 

5  67  8  9  10  11  12  13  14  15 

Truth  Rank 

Figure  5.20 

Rank  order  correlation  results 

ROC  Coefficient 
Generic  -  0.8892 
Optimum  -  0.9214 


IVmterial  Evaluation 
Rank  Order  Correlation 
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3 
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- 
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11 
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3 

3 
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12 

1 

13 

- 
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15 

- 

- 

5.3. 1,3  Radiometric  Accuracy  -  Complex  Radiometric  Phenomena 

While  the  material  comparison  tested  the  accuracy  of  specific  materials,  the 
validation  should  also  test  the  entire  SIG  process  and  not  just  one  aspect.  Therefore,  to  test 
the  ability  of  DIRSIG  to  include  shape  factor  effects,  angular  effects,  background  effects, 
and  other  complex  radiometric  phenomena,  additional  validation  points  were  needed. 

In  testing  the  limits  of  a  system,  the  input  variables  should  be  strictly  controlled; 
isolate  the  input  variables  and  then  change  them  one  at  a  time.  This  validation  was  no 
exception.  Since  asphalt  roads  and  shingles  were  known  to  a  high  degree  of  accuracy,  these 
materials  along  with  roof  gravel  and  grass  would  be  used  to  test  the  ability  of  DIRSIG  to 
model  the  real  world.  Using  materials  that  are  known  to  a  high  degree  of  accuracy  reduces 
the  material  parameter  error  and  limits  the  control  variables,  allowing  the  focus  to  be  placed 
on  testing  the  model  and  its  ability  to  include  complex  radiometric  effects.  The  asphalt 
streets  tested  the  angular  effects  of  the  sensor  as  they  are  found  throughout  the  scene  at 
different  orientations  and  distances  to  the  sensor.  In  following  this  philosophy  of  changing 
only  one  variable  at  a  time,  asphalt  shingles  were  examined  next.  They  provided  excellent 
angular  effects  as  well  as  some  limited  background  and  shape  factor  effects.  A  key  structure 
located  in  the  parking  lot  south  of  the  Hawkeye  plant  was  examined  for  these  effects.  The 
grass  between  houses  and  the  gravel  roof  of  Hawkeye  finally  tested  the  robustness  of 
DIRSIG  in  modeling  complex  radiometric  phenomena.  The  angular  effects,  shape  factor 
effects,  and  background  effects  could  all  be  analyzed  from  these  materials.  For  the  roof 
gravel,  complex  thermal  exchanges  existed  between  the  roof  gravel,  the  atmosphere,  and  the 
surrounding  walls.  Similar  phenomena  were  evident  for  grass  as  the  apparent  temperature 
rose  dramatically  between  the  houses.  Because  this  analysis  required  high  resolution 
DIRSIG  imagery  to  approximate  the  one  foot  resolution  of  the  Bendix  imagery,  the  sub¬ 
images  shown  earlier  were  used  in  the  analysis.  The  following  imagery  shows  the  actual 
analysis  points  that  were  used  to  examine  the  phenomenology  effects. 
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Figure  5.21  Complex  phenomenology  validation  points 

Similar  to  the  validation  of  the  scene  materials,  the  analysis  of  the  complex 
radiometric  phenomena  was  accomplished  using  both  root  mean  square  error  and  rank  order 
correlation.  The  temperature  error  in  the  material  that  was  found  from  the  material 
validation  was  removed  prior  to  the  analysis  of  the  complex  radiometric  phenomena.  This 
was  done  to  try  and  remove  any  temperature  bias  caused  by  an  error  in  the  material  so  that 
the  resulting  errors  would  be  from  the  phenomenology. 


The  ability  to  include  angular  effects  was  the  first  phenomenological  indicator  that 
was  analyzed.  As  the  sensor-target  angle  increases  from  0  to  90  degrees,  the  emissivity 
decreases  for  most  materials.  Therefore,  the  apparent  temperature  should  change  as  the 
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sensor-target  angle  varies.  The  results  of  the  angular  effects  in  the  asphalt  streets  can  be 
seen  in  the  following  graphs  where  points  2,  3,  4,  &  6  are  near  nadir  while  1,  5,  &  7  are 
more  towards  oblique  angles  (see  Figure  5.21  for  the  location  of  the  validation  points). 


Figure  5.22  Angular  effect  evaluation 


No  real  conclusive  angular  effect  patterns  could  be  seen  in  these  validation  points. 
The  variation  in  the  apparent  temperatures  was  most  likely  caused  by  shape  factor  effects, 
not  angular  effects.  The  shape  factor  was  near  one  in  the  synthetic  image  for  all  these 
points,  but  the  actual  imagery  may  have  had  different  surroundings  objects  as  it  was  difficult 
to  model  every  tree  in  the  scene.  The  phenomenology  control  of  these  validation  points  was 
not  great  enough  to  make  any  conclusive  decisions  regarding  the  angular  effects.  These 
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points  were  a  bad  selection  for  the  examination  of  angular  effects.  The  actual  numeric 
values  for  the  angular  effect  evaluation  of  the  asphalt  streets  are  shown  in  Table  5.6. 


Table  5.6  Angular  effect  evaluation  -  asphalt  street 


Object  -  structure  number  ; 
(orientation)  Jl; 

Apparent  Temperature 
Truth  SIG 

Error 

Hills 

ROC 

SIG 

Error 

-2.097 

-2.06 

0.04 

5  -p 

% 

Asphalt  Street  2  j  f  s 

-2.099 

42.10 

0.00 

4 

1 

Anhalt  Street  3  ’ 

-1.270  > 

-2.06 

-0.79 

1 

3 

4. 

Asphalt  Street  4  -..I  . 

-1.746 

-0.12 

2 

1 

1 

Asphalt  Street  5  '2' 

-2.069; 

-0.26 

4  : 

7 

3 

Asphalt  Street  6 

-2.120  , 

-0.07 

7 

5 

2 

Asphalt  Street  7 

-1.863 

Hifc; 

rO.45 

6 

3 

RMS  Error 


ROC  Coefficient  -  0.2857 

The  second  phenomenological  evaluation  was  conducted  using  an  asphalt  shingled 
roof  to  the  south  of  the  Hawkeye  plant  (see  Figure  5.21  for  the  location  of  the  validation 
points).  The  sloped  roof  provided  indications  on  the  inclusion  of  shape  factor  effects  but 
primarily  it  showed  angular  effects.  The  selected  roof  was  chosen  because  it  offered  four 
distinct  orientations.  Each  side  of  the  roof  is  exposed  to  different  backgrounds,  and  each 
side  has  a  different  sensor-target  angle.  The  results  are  shown  in  the  graphs  below. 


Angular  Effect  &  Shape  Factor  Analysis 
Asphalt  Shingle 
-3 

-3.5 

-4 

-4.5 

-5 


Angular  Effect  &  Shape  Factor  Analysis 
Asphalt  Shingle 

1.50  n - - - 
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Angular  Effect  &  Shape  Factor  Analysis 
Asphalt  Shingles  -  ROC 


Figure  5.23  Angular  effect  &  shape  factor  evaluation  -  asphalt  shingles 

While  it  was  difficult  to  determine  the  accuracy  from  the  RMS  error,  the  failure  of 
DIRSIG  to  correctly  model  the  angular  and  shape  factor  effects  was  very  evident  in  the  rank 
order  correlation.  The  exact  opposite  phenomenology  was  seen  in  the  DIRSIG  imagery. 
This  revealed  a  serious  problem  with  the  synthetic  imagery. 

Table  5.7  Angular  effect  &  shape  factor  evaluation  -  asphalt  shingles 


Object  -  structure  number  Apparent  Temperature  ROC 

(orientation)  Truth  SIG  Truth  SIG  Error 

.  _  Error _ _ 


Asphalt  Shines  1-  left 

-3.997 

-4.14 

-0.14 

IP 

B 

Asphalt  Shingle  2  -  right 

-4.337: 

-3.96 

0.38 

BT 

HH 

Asphalt  Shingle  3  -  top 

-4.647: 

-3.46 

1.18 

KL ' 

■B 

Asphalt  Shingle  4  -  bottom 

-4.122 

-4.65  P 

-0.53 

Bh 

HIM 

RMS  Error 


ROC  Coefficient  -  -0.8 

The  problem  was  not  an  error  in  the  DIRSIG  modeling  approach,  but  in  the  input 
files  to  DIRSIG.  The  output  is  only  as  good  as  the  input.  DIRSIG  requires  the  user  to 
specify  an  angular  emissivity  falloff  curve  as  part  of  the  emissivity  file.  Initially,  measured 
data  fi'om  the  1992  validation  was  used  for  the  angular  curves.  However,  preliminary 
synthetic  imagery  showed  that  these  curves  decreased  too  dramatically  after  60  degrees  as 
contrast  reversals  were  seen  in  the  imagery  (see  Section  6.2).  A  polynomial  approximation 
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was  then  used  for  the  angular  effect 
curves.  The  resulting  imagery  used  in 
the  validation  showed  that  the  curves 
were  still  not  appropriate  and  that  new 
angular  curves  are  needed.  The  angular 
curves  should  be  more  lambertian,  near 
1.0  and  then  decrease  sharply  near  90 
degrees.  Figure  5.24  shows  the  original 
measured  curve  for  brick,  the  polynomial 

Figure  5.24  Angular  effect  curves 

approximation  that  was  used  in  the 
validation,  and,  finally,  the  predicted  curve  that  most  likely  resembles  the  actual  angular 
falloff  of  the  material. 


Knowing  that  DERSIG  had  difficulty  in  modeling  the  angular  effects,  the  final 
phenomenological  evaluation  was  conducted  using  materials  that  placed  more  emphasis  on 
background  and  shape  factor  effects.  In  the  truth  imagery,  the  grass  in  the  front  of  the 
houses  was  much  colder  in  comparison  to  the  grass  between  the  houses.  The  apparent 
temperature  of  the  grass  was  higher  between  the  houses  because  the  shape  factor  was  less 
and  the  surrounding  walls  of  the  houses  provide  a  warmer  background  temperature  than  the 


sky.  Grass  1  &  2  are  in  the  front  of  the  houses  while  Grass  3  4  are  near  the  sides  of 

houses  (see  Figure  5.21  for  the  location  of  the  validation  points). 
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The  ability  of  DIRSIG  to  include 
shape  factor  and  background  effects  was 
supported  by  these  evaluation  points.  While 
the  first  two  points  were  reversed  in  the  rank 
order  correlation,  the  apparent  temperature 
comparison  showed  that  the  temperatures  of 
these  two  points  were  very  close.  The 
DIRSIG  error  was  minimal  in  modeling  the 
complex  phenomenology  seen  in  these 
points,  (see  Table  5.8  for  the  numerical 
values) 

The  background  and  shape  factor  effects  were  examined  in  more  detail  with  the  roof 
gravel  of  the  Hawkeye  building.  Complex  thermal  interactions  were  evident  between  the 
various  structures  in  the  Hawkeye  building  complex.  Some  roof  gravel  was  fully  exposed  to 
the  sky  while  other  areas  saw  less  than  half  of  the  sky.  Points  1,  6,  &  7  were  fully  exposed 
to  the  sky;  points  3,  4,  &  8  were  partially  exposed  to  the  sky,  and  points  2  and  5  were  close 
to  walls,  (see  Figure  5.21  for  the  location  of  the  validation  points) 


Figure  5.25  Angular,  shape  factor,  & 
background  effect  evaluation  -  grass 
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Figure  5.26  Angular,  shape  factor,  &  background  effect  evaluation  -  roof  gravel 


DIRSIG  also  recreated  the  phenomenology  seen  in  these  evaluation  points  with  a 
relatively  high  degree  of  accuracy.  The  apparent  temperature  errors  were  large,  but  the 
appropriate  phenomenology  was  seen.  The  RMS  error  analysis  showed  that  all  the 
validation  points  were  too  cold.  DIRSIG  includes  the  background  effects,  but  the 
background  objects  should  have  a  larger  effect  on  the  temperature  of  the  target.  This  was 
most  likely  caused  by  internal  heating  of  the  building.  The  internal  temperature  of  the 
Hawkeye  building  is  around  20°C.  This  internal  heat  increases  the  external  temperature  of 
the  wall  that  is  in  radiational  exchange  with  the  roof  gravel.  THERM  has  no  information 
regarding  this  high  internal  temperature;  it  only  knows  about  the  external  surface 
temperature.  This  is  where  self-generated  power  might  be  needed  to  increase  the 
temperature  of  these  building  walls  that  provide  the  background  effects  for  the  roof  gravel. 
However,  no  materials  in  the  scene  were  given  self-generated  power.  This  could  explain 
some  of  the  problems  with  the  phenomenology,  in  particular  validation  point  7.  Validation 
point  7,  the  second  warmest/brightest  object  in  the  truth  imagery,  was  removed  from  the 
rank  order  correlation  because  it  was  suspected  that  the  error  was  caused  by  internal  heat 
underneath  the  roof  gravel.  After  removing  point  7,  the  rank  order  correlation  results 
improved  dramatically,  from  0.429  to  0.928,  as  shown  in  Figure  5.26. 
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Table  5.8  Angular,  shape  factor,  &  background  effect  evaluation 


Object  -  structure  number 
(orientation) 

Apparent  Temperature 
Truth  SIG 

Error 

Truth 

ROC 

SIG 

Error 

Grass  1  -  front  house  .k. 

-3*728 

-2.53 

1.20 

3 

3 

“ 

Grass  2  -  front  house  1-:  ,  i  ; 

-3.73 

-2.57 

1.17 

4  ■ 

4 

- 

Grass  3  -  side  house 

-9.909 

-1.01 

-0.10 

1 

2 

- 

Grass  4  -  side  house 

-1.449 

-0.78 

0.67 

■  2 

1 

- 

Hawkeye  Roof  Gravel 

Roof  Gravel  1  -  foil  exposure 

-5.719 

-5.^6 

-0.14 

7 

6 

1 

Roof  Gravel  2  -  neat  wall 

-4.282 

-5.17 

-0.88 

3 

1 

2 

Roof  Gravel  3  -  partial  exposure 

-5.190 

-5.72 

-0.53 

6 

4 

2 

Roof  Gravel  4  -  partial  exposure 

-4.929 

-5.65 

-0.72 

4 

3 

1 

Roof  Gravel  5  -  near  wall  ^ 

-0.942 

-5.34 

-4.40 

1'  '  ' 

2 

1 

Roof  Gravel  6  -  foU  expo^re 

-5.953 

-5.95 

0.00 

8 

7 

1 

Roof  Gravel  7  -  foil  exposure 

-3.898 

-5.97 

-2.07 

2 

8 

6 

Roof  Gravel  8  -  partial  expd^re 

-5.002 

liiili:: 

-0.84 

iiBii 

- 

Summary  of  Complex  Phenomenology  Results  -  RMS  &  ROC 


Angular  Effects 
Asphalt  Streets 
RMS  -  0.361 
ROC  -  0.286 


Angular  &  SF  Effects 
Asphalt  Shingles 
RMS  -  0.679 
ROC  -  -0.80 


Angular,  SF  &  Bkg  Eff 
Grass 

RMS  - 1.799 
ROC  -  0.80 


Angular,  SF  &  Bkg  Eff 
Roof  Gravel 
RMS  -  0.904 
ROC  (1)  -  0.429 
ROC  (2)  -  0.928 


While  an  attempt  was  made  to  control  the  phenomenology  analysis,  adding  one  new 
variable  each  time,  the  points  that  were  used  revealed  that  it  is  difficult  to  isolate 
phenomenology  validation  points  in  a  scene  this  complex.  Therefore,  for  future  work,  more 
effort  should  be  placed  in  selected  better  phenomenology  validation  points  that  isolate  the 
control  variables  being  analyzed. 


Unfortunately,  the  line  scanner  imagery  could  not  be  used  to  examine  all  phenomena 
present  in  the  real  world.  Shadows  and  solar  effects  are  a  major  area  of  study  in  synthetic 
image  generation,  but  the  0200  imaging  time  virtually  eliminated  the  effects  of  the  sun/shadow 
history  during  the  day.  The  Inframetrics  imagery  would  provide  the  medium  for  examining 
solar  effects. 
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5.3. 1.4  Geometric  Accuracy 

Before  the  Inframetrics  imagery  was  analyzed,  the  geometric  accuracy  of  the  Bendix 
line  scanner  was  assessed.  The  geometric  accuracy  of  the  synthetic  image  relies  heavily  on 
the  accuracy  with  which  the  synthetic  image  is  created.  The  geometric  accuracy  of  the 
scene  creation  varied,  but  in  general,  the  scene  was  created  to  within  a  tolerance  of  ±10  feet. 
Any  error  larger  than  this  could  likely  be  attributed  to  a  DIRSIG  geometry  error.  While  the 
geometry  was  validated  when  the  DIRSIG  code  was  updated  to  include  the  sensor 
geometric  effects,  the  field  of  view  was  limited.  The  expanded  field  of  view  in  the  current 
scene  further  tested  and  validated  the  geometry  of  DIRSIG. 


The  geometric  validation  was  accomplished  using  ENVI  2.0.  27  evaluation  points 
were  identified  in  both  images.  These  points  were  used  to  do  a  first  order  rotation  and 
scaling  of  the  imagery.  The  output  RMS  error  in  pixels  was  then  recorded.  The  RMS  error 
of  2.28  pixels  in  the  synthetic  image  or  8.75  pixels  in  the  truth  image  corresponds  to  a 
geometric  error  of  about  10  feet  based  on  the  resolution  of  the  imagery,  (see  Figure  5.28  for 
the  location  of  the  analysis  points) 
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error  to  actual  error  in  the  geometry  of  the  line  scanner.  In  order  to  verify  that  the 
geometric  error  was  dominated  by  the  error  in  the  scene  creation,  the  RMS  error  was 
plotted  as  a  fianction  of  the  pixel  location  in  the  x  and  y  directions  (see  Figure  5.27).  The 
results  showed  the  error  was  random.  This  was  further  supported  by  the  fact  that  a  third 
order  polynomial  curve  fit  resulted  in  a  error  of  0.544  in  the  x  direction  and  0.273  in  the 
y  direction.  These  R^  errors  must  be  closer  to  1.0  to  make  any  statistical  conclusions 
regarding  the  geometric  error.  In  conclusion,  the  imagery  looks  good  and  the  appropriate 
distortions  are  evident  in  the  scene  so  it  is  safe  to  assume  the  line  scanner  effects  are  being 
reproduced  properly  at  this  resolution. 
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5.3.2  Validation  -  Alternate  Truth  Imagery  (Inframetrics  video  camera) 

Following  the  validation  of  the  synthetic  imagery  using  the  Bendix  truth  imagery,  the 
synthetic  imagery  with  the  same  optimum  material  parameters  was  compared  to  the 
Inffametrics  truth  imagery.  As  discussed  earlier,  this  tested  the  robustness  of  DIRSIG.  It 
also  revealed  how  well  the  material  parameters  were  optimized;  it  did  not  test  any  of  the 
meteorological  inputs  since  entirely  new  weather  and  atmospheric  inputs  were  required. 
Ideally,  similar  rank  order  correlation  results  would  be  found  when  comparing  the  synthetic 
imagery  with  the  alternate  roof-top  imagery.  Large  differences  in  the  validation  results 
between  the  aerial  and  roof-top  imagery  would  indicate  a  deficiency  in  the  synthetic  image 
generation  process.  The  rank  order  correlation  results  for  the  imagery  of  Hawkeye  and  the 
church  can  be  seen  below. 


Truth  Hawkeye  imagery  DIRSIG  Hawkeye  imagery 


Truth  church  imagery  DIRSIG  church  imagery 

5.29  Inffametrics  rank  order  correlation  imagery 
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Table  5.9  Inframetrics  rank  order  correlation  results 
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Figure  5.30  Inframetrics  rank  order  correlation  results 


The  poor  results  seen  in  the  Inframetrics  imagery  can  be  attributed  to  a  variety  of 
problems.  The  quality  of  the  Inframetrics  imagery  was  very  low.  The  angular  effect  problem 
seen  in  the  Bendix  imagery  probably  also  caused  errors  in  the  Inframetrics  imagery.  Most 
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importantly,  this  is  where  the  true  robustness  of  the  material  file  that  was  created  for  the 
Bendix  imagery  failed.  Because  of  the  low  thermal  contrast  at  night,  all  the  variations  that  one 
normally  sees  in  a  material  are  reduced.  A  dark  colored  brick  looks  the  same  at  night  as  a 
light  colored  brick.  In  addition,  the  sensitivity  analysis  showed  that  the  visible  characteristics 
of  an  object  have  virtually  no  effect  on  the  temperature  of  an  object  at  night  (see  Section 
6  .1.2).  As  a  result,  little  effort  was  spent  in  optimizing  the  visible  characteristics  of  the 
materials.  However,  when  these  optimized  material  parameters  were  used  on  the  daytime 
imagery,  the  visible  characteristics  of  the  object  played  a  major  role  in  determining  the 
temperature.  Therefore,  these  errors  in  the  daytime  imagery  are  understandable. 

In  order  to  fix  this  problem,  the  primary  imagery  should  be  daytime  imagery.  During 
the  day,  the  visible  characteristics  of  an  object  become  more  important.  In  addition,  the  other 
material  parameters  also  become  more  sensitive  when  solar  influences  are  present.  This  is 
supported  by  the  time  history  sensitivity  analysis  that  was  conducted  in  Section  6.1.3.  The 
optimized  material  parameters  of  the  daytime  imagery  can  then  be  used  to  simulate  nighttime 
imagery. 

5.3.3  Validation  Summary 

DIRSIG  is  fully  capable  of  modeling  LWIR  systems.  It  accurately  creates  the 
radiometry  seen  in  thermal  imagery  acquired  in  the  low  contrast  conditions  that  prevail  at 
night.  The  optimization  of  the  input  parameters  greatly  reduced  the  RMS  error  while  only 
slightly  helping  the  already  high  ROC  coefficient  in  the  Bendix  truth  imagery.  However,  this 
material  file  failed  when  it  was  used  in  the  Inffametrics  validation.  The  validation  also 
revealed  some  limitations  and  problems  with  the  inputs  to  the  DIRSIG  synthetic  image 
generation  process.  Problems  existed  with  angular  and  background  effects.  The  background 
effects  are  linked  to  THERM  while  the  angular  effects  are  linked  to  the  material  emissivity 
file.  THERM  has  already  been  identified  as  a  weak  link  in  the  image  generation  process  but 
more  research  is  needed  in  the  area  of  angular  emissivities  if  DIRSIG  is  used  to  model  imaging 
systems. 
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6. 0  Input  Parameter  Sensitivity  Analysis  &  Optimization 

The  first  DIRSIG  rendering  of  the  scene  had  some  errors.  This  was  expected  as 
generic  input  parameters  were  used  throughout  the  scene.  While  many  object 
temperatures  in  the  synthetic  image  were  relatively  close  to  those  in  the  truth  image,  the 
generic  input  parameters  did  not  provide  enough  accuracy  for  the  validation.  So,  in  order 
to  make  the  synthetic  image  closely  resemble  the  truth  imagery,  the  input  parameters  were 
analyzed  and  optimized. 

6.1  Input  Parameter  Sensitivity  Analysis 

Before  any  changes  were  made  to  the  input  parameters,  a  sensitivity  analysis  of  the 
input  parameters  was  conducted.  The  sensitivity  analysis  would  help  to  optimize  the  input 
parameters  by  showing  the  amount  of  change  needed  in  an  input  parameter  to  improve  the 
radiometric  accuracy  of  the  synthetic  imagery.  However,  the  prolonged  run  times  of 
DIRSIG  make  it  difficult  to  do  a  sensitivity  analysis  using  DIRSIG,  recording  the  change 
in  radiance  for  every  change  in  all  the  input  parameters.  This  led  to  running  an  off-line 
version  of  THERM,  the  DIRSIG  thermal  model,  where  THERM  would  be  treated  as  a 
‘black  box.’  The  changes  in  the  output  temperatures  as  a  function  of  the  changes  in  the 
input  parameters  could  quickly  be  calculated  without  having  to  run  DIRSIG  multiple 
times. 


Reviewing  the  major  input  parameters  to  THERM,  material,  weather,  and 
geographic  parameters  are  all  needed  to  determine  the  temperature  of  a  material. 
Changing  just  one  of  the  inputs  in  these  three  major  areas  will  affect  the  temperature. 
Figure  6. 1  shows  all  the  input  parameters  to  THERM  that  were  potential  variables  for  the 
sensitivity  analysis.  Although  all  these  parameters  affect  the  temperature  of  a  material, 
some  of  the  variables,  such  as  the  geographic  parameters,  are  known  to  a  high  degree  of 
precision  and  can  therefore  be  eliminated  from  the  sensitivity  analysis.  In  the  end,  a 
sensitivity  analysis  would  be  performed  on  all  the  material  parameters  and  the  weather 
parameters  of  wind  speed,  air  temperature,  and  direct  &  diffuse  insolation.  These 
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THERM  inputs  are  the  only  parameters  that  have  a  significant  affect  on  the  temperature 
and  resulting  self  emission  of  the  object. 


•  Heat  Capacity 

•  Thermal  Conductivity 

•  Thickness 

•  Visible  Emissivity 

•  Thermal  Emissivity 


Material 

Parameters 

•  Exposed  Area 

•  Self  Generated  Power 

•  Slope  &  Azimuthal  Angles 

•  Shape  Factor 


Geographic 

Parameters 


•  Latitude  .  Time  Interval 

•  Longitude  ,  of  Sunrise 

•  Date  .  GMT  offset 

•  Time 


Weather 

Parameters 


•  Air  Temperature 

•  Air  Pressure 

•  Relative  Humidity 

•  Dew  Point 

•  Wind  Speed 


•  Direct  &  Diffuse  Insolation 

•  Sky  Exposure 

•  Cloud  Type 

•  Precipitation  Type/Rate/Temp 


Figure  6. 1  THERM  input  parameters 


Since  a  sensor  ultimately  detects  radiance,  the  other  major  factors  that  affect  the 
radiance  at  the  sensor  also  had  to  be  examined.  The  major  inputs  fi-om  the  ‘big  equation’ 
that  were  considered  for  the  sensitivity  analysis  were  shape  factor,  background  radiance, 
upwelled  radiance,  and  downwelled  radiance.  Since  shape  factor  and  the  background 
effects  are  estimated  using  the  ray-tracer  submodel,  their  error  was  assumed  to  be 
negligible.  The  other  factors,  transmission  and  upwelled  &  downwelled  radiance,  did  need 
to  be  examined  since  they  were  estimated  using  Modtran.  Their  sensitivity  values  would 
be  found  by  iterating  through  the  ‘big  equation’.  These  three  atmospheric  parameters  and 
the  three  weather  parameters  are  all  collectively  referred  to  as  meteorological  parameters 
in  the  sensitivity  analysis. 
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A  sensitivity  analysis  requires  some  knowledge  of  the  input  parameters,  including  a 
minimum  and  maximum  range  of  values,  Aparameter,  and  an  estimate  of  the  standard 
error,  aparameter-  The  range  of  values  for  the  DIRSIG  input  parameters  came  from  a  variety 
of  sources.  For  the  meteorological  parameters,  which  were  partially  based  on  actual 
measured  data,  the  range  of  values  was  found  by  estimating  the  error  in  the  measured 
data.  These  error  estimates  were  obtained  from  Rankin’s  thesis  which  analyzed  the  error 
in  each  of  the  DIRSIG  submodels.  This  method  worked  well  for  the  meteorological 
parameters,  but  there  was  no  measured  material  parameter  data  for  the  objects  in  the 
scene.  This  absence  of  measured  data  led  to  the  use  of  the  DCS  Corporation  database  and 
the  Nonconventional  Exploitation  Factors  (NEF)  modeling  database  compiled  by  the 
National  Image  Resource  Library.  Both  databases  were  used  to  estimate  a  relative 
minimum,  maximum,  and  standard  deviation  for  all  the  material  parameter  values.  The 
range  for  the  material  parameters  such  as  thickness  and  thermal  conductivity  were  as  much 
as  ±50%  of  the  generic  mean  value.  In  contrast,  for  the  meteorological  input  parameters 
where  the  inputs  are  known  fairly  accurately,  such  as  air  temperature  and  downwelled 
radiance,  the  range  of  values  was  only  about  ±15%  of  the  measured  value.  The  minimum 
and  maximum  range  of  values  for  the  meteorological  and  material  parameters  were  then 
used  to  estimate  the  standard  error.  All  input  parameter  sensitivity  values  are  expressed  as 
apparent  temperature  errors  at  the  sensor  resulting  from  one  standard  deviation  error  in 
the  input  parameter  ATapparen/ Aparameter  •  aparameter  AT  expected-  The  parameter  with  the 

highest  expected  error  would  be  changed  first  in  the  optimization  of  the  input  parameters. 

There  was  still  one  major  problem  in  conducting  a  sensitivity  analysis  using 
THERM.  THERM  only  outputs  temperatures  at  the  ground,  not  radiance  or  apparent 
temperature  values  at  the  sensor.  Because  a  sensitivity  analysis  showing  the  change  in  the 
apparent  temperature  of  an  object  at  the  sensor  was  desired,  a  method  of  converting  the 
output  temperatures  on  the  ground  to  apparent  temperatures  at  the  sensor  was  needed.  In 
other  words,  a  simplified  version  of  the  ‘big  equation’  was  needed.  This  led  to  the 
development  of  a  MathCad  spreadsheet  that  could  read  in  the  changes  of  the  input 
parameters  along  with  the  corresponding  changes  in  output  temperature  values  (see 
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Appendix  F  for  MathCad  spreadsheet).  This  data  would  then  be  converted  into  a  final 
output  sensitivity. 

The  first  step  in  calculating  the  input  parameter  sensitivity  was  to  convert  the 
THERM  output  temperatures  to  spectral  radiance  values  using  the  Planck  equation.  This 
spectral  radiance  information  was  calculated  at  wavelength  intervals  that  corresponded  to 
the  wavelengths  of  the  sensor  responsivity  data.  For  the  Bendix  line  scanner,  the  radiance 
was  calculated  at  0.  Ipm  increments.  The  spectral  radiance  was  multiplied  by  the  spectral 
sensor  responsivity  and  integrated  across  the  bandpass  of  interest. 

Lt=  '^Responsivity  (6.1) 

While  the  sensor  responsivity  is  normally  incorporated  after  the  radiance  has  reached  the 
sensor,  integrating  the  sensor  responsivity  at  the  ground  allowed  the  Modtran  bandpass 
averages  for  the  atmospheric  parameters  to  be  used.  These  bandpass  values  are 
acceptable  because  the  benefits  of  a  full  spectral  radiance  calculation  are  minimal  for  this 
analysis.  The  result  from  this  calculation  was  a  single  radiance  value  of  the  material  at  the 
ground  that  could  be  propagated  to  a  LWIR  radiance  at  the  sensor  using  the  ‘big 
equation’. 

In  the  LWIR  region,  the  effects  of  solar  photons  are  negligible  and  may  be 
eliminated  from  the  calculations.  This  assumption  is  further  supported  by  the  fact  that 
neither  the  Bendix  or  the  Inframetrics  imaging  systems  are  responsive  outside  the  7- 14pm 
region  of  the  electromagnetic  spectrum.  These  assumptions  led  to  the  implementation  of 
the  following  equation  to  determine  the  radiance  at  the  sensor. 

4.™,  =  {S'ir  (6.2) 

The  output  from  THERM  provides  only  the  radiance  at  the  ground  due  to  the  temperature 
of  the  object,  Lj.  Values  for  the  remaining  seven  terms  were  still  needed  to  approximate 
the  radiance  reaching  the  sensor. 

The  remaining  terms  were  obtained  from  a  combination  of  Modtran  results  and 
scene  estimation.  Starting  from  left  to  right,  the  emissivity,  s,  was  taken  from  the  material 


91 


parameters  list.  This  is  normally  a  spectral  emissivity,  but  the  integration  of  the  radiance 
in  the  bandpass  of  interest  allowed  the  use  of  the  average  thermal  emissivity  value  found  in 
the  materials  file.  Shape  factor,  F,  is  the  amount  of  sky  that  an  object  can  see  and  is  thus 
dependent  upon  the  location  of  the  material  in  the  scene.  For  materials  such  as  roads, 
grass,  and  water  that  have  unobstructed  views  of  the  sky,  it  is  possible  to  assume  the 
shape  factor  is  1 .0,  but  for  materials  such  as  roof  shingles  and  wood  siding,  an  estimation 
of  the  shape  factor  is  needed.  As  a  result,  an  estimation  based  on  Figure  6.2  and  Equation 
6.3  was  used  in  determining  a  shape  factor  value,  where  P  is  the  pitch  angle  of  the  roof 
and  a  is  the  angle  to  the  horizon  for  a  flat  surface  and  a  flat  horizon. 


(6.3) 


Figure  6.2  Shape  factor 

The  small  angle  difference  between  P  and  a  can  be  neglected  because  this  is  merely  an 
estimation  of  shape  factor  and  the  difference  in  the  final  radiance  is  minimal  (Snyder 
1994).  The  resulting  estimation  of  shape  factor  determines  the  amount  of  influence  the 
background  radiance  has  on  the  radiance  reaching  the  sensor  for  that  particular 
object/material.  The  background  radiance,  Lbs,  affecting  the  material  is  actually  comprised 
of  the  radiance  from  grass,  asphalt  roads,  trees,  roofs,  walls,  and  other  objects  surrounding 
the  material.  As  a  result,  the  radiance  from  these  objects  was  averaged  to  approximate  the 
background  radiance  reaching  any  material.  A  final  background  radiance  value  of 
20Alwatts/(m^sr)  was  used  as  an  estimate  of  the  actual  background  radiance  (Snyder 
1994).  The  amount  of  background  radiance  and  sky  radiance  that  ultimately  reaches  the 
sensor  depends  not  only  on  the  shape  factor  but  also  on  the  reflectivity  of  the  material. 
Because  photons  can  only  be  reflected,  emitted,  or  transmitted  by  an  object,  r+£+T=l,  the 
reflectivity  term  in  the  equation  is  merely  1  -  e  for  non-transmissive,  or  opaque,  materials. 


92 


The  remaining  terms,  Lue,  and  Eds  were  all  estimated  using  the  Modtran  outputs.  The 
bandpass  sky  radiance  of  4.289  watts/(m^sr),  atmospheric  transmission  of  0.91,  and 
upwelled  radiance  value  of  2.51  watts/(m^sr)  were  used  for  the  estimation  of  the  radiance 
reaching  the  sensor  in  the  LWIR  (Snyder  1994). 

Once  the  radiance  was  propagated  to  the  sensor,  the  change  in  radiance  was 
expressed  as  a  function  of  the  change  in  the  input  parameter.  This  change  in  radiance  was 
converted  into  an  apparent  temperature,  and  the  sensitivity  of  the  input  parameter  was 
graphed.  Graphing  the  sensitivity  verified  linearity  for  the  range  of  input  parameter  values. 
This  general  procedure  for  determining  the  input  parameter  sensitivity  was  followed  for  all 
the  input  parameters  and  is  described  in  more  detail  in  the  following  sections  for  the 
meteorological  and  material  input  parameters. 
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6.1.1  Weather  &  Atmospheric  Sensitivity 

While  there  was  a  high  degree  of  confidence  in  the  meteorological  values, 
including  both  the  weather  parameters  &  the  atmospheric  parameters,  they  were  still  a 
potential  source  of  error.  The  main  error  in  these  parameters  arises  from  the  fact  that  the 
weather  and  atmospheric  readings  were  not  taken  at  the  exact  imaging  site.  The  weather 
data  was  measured  at  the  Rochester  airport,  only  5  miles  from  the  imaging  site,  but  the 
radiosonde  data  was  taken  60  miles  away  in  Buffalo,  NY.  The  error  in  the  meteorological 
data  is  small  as  long  as  similar  conditions  exist  at  the  recording  area  and  the  imaging  area. 
The  error  also  increases  greatly  if  the  weather  is  changing  at  the  time  of  imaging. 

The  weather  was  relatively  stable  around  the  10*'’  of  November  when  the  imagery 
was  acquired.  This  increased  the  confidence  in  the  meteorological  values.  The 
meteorological  parameters  that  were  analyzed  in  the  sensitivity  analysis  included; 


Weather  Parameters 

Atmospheric  Parameters 

Temperature 

Wind  Speed 

Direct  &  Diffuse  Insolation 

Transmission 
Upwelled  Radiance 
Downwelled  Radiance 

While  each  of  these  input  parameters  has  a  slightly  different  effect  on  the  temperature  of  a 
material,  in  general,  the  effects  of  meteorological  parameters  are  global  since  the 
meteorological  inputs  influence  the  temperature  of  all  materials  in  the  scene.  The 
parameters  are  described  in  more  detail  below,  along  with  the  expected  error  and  the 
probable  relationship  between  a  change  in  the  input  parameter  and  the  change  in  the 
output  temperature. 


Air  Temperature  (°C)  -  The  air  temperature  affects  the  temperature  of  the  material  as  the 
material  is  in  constant  thermal  exchange,  convection  and  radiation,  with  the  surrounding 
air.  Because  the  air  is  usually  colder  than  any  material  in  the  scene,  it  tends  to  reduce  the 
temperature  of  the  objects.  Therefore,  a  colder  temperature  will  generally  cause  all  the 
materials  in  the  scene  to  have  a  colder  temperature.  The  sky  temperature  is  traditionally 
the  coldest  object  in  the  scene. 

±2  T7  Positive  Relationship 
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Wind  Speed  (m/s)  -  Wind  speed  affects  the  temperature  of  a  material  because  it  changes 
the  convection  rate  between  the  material  and  the  air.  In  general,  wind  tends  to  reduce  the 
thermal  contrast  in  the  scene  as  it  carries  heat  away  from  warm  materials  and  warms  cold 
materials. 

±2. 5  m/s  Material  Dependent  Relationship 

Direct  &  Diffuse  Insolation  (L/hr)  -  The  amount  of  solar  heating  that  a  material  receives 
during  the  day  directly  affects  its  temperature.  On  a  cloudy  day,  the  amount  of  sunlight 
that  reaches  the  material  is  reduced,  and  hence,  it  will  have  a  lower  temperature.  The 
affect  of  the  insolation  depends  on  the  visible  emissivity  and  reflectivity  of  the  material. 
+15%  Variation  Positive  Relationship 

Transmission  (%)  -  The  transmission  of  the  atmosphere  directly  affects  the  radiance 
reaching  the  sensor.  As  the  atmospheric  transmission  decreases,  so  does  the  radiance 
reaching  the  sensor.  The  transmission  of  the  atmosphere  tends  to  affect  all  materials 
equally. 

±2-3%)  Variation  (Absolute  Min:  0.0;  Absolute  Max:  1.0)  Positive  Relationship 

Upwelled  Radiance  (w/m^sr)  -  The  upwelled  radiance  from  the  atmosphere  that  reaches 
the  sensor  alters  the  radiance  that  actually  leaves  the  materials  at  the  ground.  The 
upwelled  radiance  is  affected  by  the  type  and  amount  of  atmosphere  between  the  target 
and  the  sensor. 

±10%  Variation  Positive  Relationship 

Downwelled  Radiance  (w/m^sr)  -  The  downwelled  sky  radiance  is  the  radiance  from  the 
atmosphere  that  strikes  a  target.  Similar  to  upwelled  radiance,  it  is  affected  by  the  type 
and  amount  of  atmosphere  between  the  target  and  the  sensor.  The  emissivity  of  the 
material  determines  the  effect  that  downwelled  radiance  has  on  the  material. 

±15%  Variation  Positive  Relationship 

In  order  to  reduce  the  time  involved  in  calculating  the  meteorological  sensitivity 
values,  a  batch  file  was  created.  This  batch  file  automated  the  process  of  typing  the  inputs 
into  THERM,  but  several  inputs  had  to  be  specified  to  run  the  batch  file.  These  inputs 
included  the  material  ID  number  and  the  orientation  of  the  material.  Based  on  the  material 
ID  number,  the  program  would  extract  the  required  material  parameter  values  from  the 
DIRSIG  material  database.  The  orientation  value  then  provided  a  reference  to  several 
orientation  files  that  contained  information  on  the  zenith,  azimuth,  and  shape  factor  of  a 
facet.  Figure  6.3  shows  the  typical  facet  orientations  that  were  used  for  the  materials. 
These  orientations  were  all  estimated  based  on  typical  uses  for  the  material.  For  example, 
most  of  the  asphalt  roads  were  assumed  to  have  a  0.0°  zenith  and  azimuth  with  a  shape 
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Orientation  1 
0.0  0.0  1.0 


Figure  6.3  Material  orientations 

factor  of  1.0,  while  a  wood  sided  building  would  have  a  zenith  of  0.0°,  an  azimuth  of 
90.0°,  and  a  shape  factor  of  0.5. 


The  batch  file  was  then  used  to  run  THERM  multiple  times,  using  a  different 
weather  file  each  time  and  recording  the  output  temperature  values  for  each  material.  The 
different  weather  files  contained  the  variation  in  the  input  parameters,  temperature,  wind 
speed,  and  direct  &  diffuse  insolation,  for  the  sensitivity  analysis.  The  resulting 
temperature  values  were  then  read  into  MathCad  and  converted  to  radiance  values  at  the 
sensor.  At  this  time,  the  transmission,  upwelled,  and  downwelled  radiance  sensitivity 
values  were  found  by  iterating  through  the  LWIR  equation  in  MathCad.  This  provided  the 
sensitivity  values  for  all  the  meteorological  parameters:  temperature,  wind  speed,  direct  & 
diffuse  insolation,  transmission,  upwelled,  and  downwelled  radiance.  This  entire  process 
is  described  visually  in  Figure  6.4  on  the  following  page. 
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Temp  W  Speed  Insol  Trans  U  Rad  D  Rad 


Temp  W  Speed  Insol  Trans  U  Rad  D  Rad 


Temperature  Wind  Speed  Insolation 


Temperature  Wind  Speed  Insolation 


Temperature  Wind  Speed  Insolation 


Temperature  Wind  Speed  Insolation 


Figure  6.4  Meteorological  parameter  sensitivity  analysis  flow  chart 
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Once  the  sensitivities  of  all  the  materials  to  the  meteorological  parameters  were 
calculated,  the  results  were  converted  into  expected  temperature  errors.  This  allowed  the 
different  input  parameters  to  be  compared  with  each  other,  despite  differing  units,  and  also 
provided  an  average  scene  temperature  error  to  each  of  the  meteorological  parameters. 
The  average  scene  error  would  be  used  later  to  optimize  the  meteorological  parameters. 
Optimizing  the  meteorological  parameters  would  help  remove  global  errors  in  the 
synthetic  image  and  make  it  more  closely  resemble  the  truth  imagery.  The  resulting 
meteorological  temperature  errors  based  on  the  sensitivity  results  are  summarized  in  the 
following  table. 

Table  6. 1  Meteorological  sensitivity  results 
expressed  as  apparent  temperature  errors 


Material 

Air 

Wind 

Direct  & 

Upwelled 

Downwelled 

Name 

Temp 

Speed 

Diffuse 

Radiance 

Radiance 

(number) 

Insolation 

■SH 

(Lde) 

Building  Construction  Mats 

Roof-aluminum  (50) 

0.422 

0.066 

Roof-asphalt  shingles-color  (65) 

-0.487 

0.000 

0.421 

0.037 

Roof-gravel  (12) 

0.250 

Roof-steel  (52) 

0.250 

0.124 

Wall-brick-color  (75) 

1.136 

-0.522 

0.061 

0.403 

0.250 

0.041 

Wall-concrete  (53) 

0.010 

MiifSW 

0.250 

Wall-wood-color  (85) 

BilIM 

0.250 

Window-glass  (54) 

0.451 

hhesiH 

Soils/Water 

_ 

Soil-clay-gray  (40) 

tilW 

Soil-clay-red  (41) 

1.150 

giFARM 

IHEISii 

0.404 

0.029  II 

Soil-dirt-brown  (13) 

mmm 

-0.556 

ieeish 

0.250 

Soil-gravel-light  brown(43) 

mssm 

Water-Genesee  River  (2) 

1.150 

0.498 

0.396 

0.250 

Surface  Construction  Materials 

_ 

Asphalt-street  (5) 

0.239 

Concrete-sidewalk  (6) 

0.242 

0.405 

0.038 

Vegetation 

IH^HI 

Grass  (4) 

gilifefeW 

0.041 

Tree-deciduous  (25) 

0.021 

Tree-trunk  (18) 

0.465 

0.011 

AVERAGE 

MfWkkM 

0.414 

0.250 

0.039 

Clearly,  the  most  sensitive  parameter  is  air  temperature.  The  average  expected 
error  for  air  temperature,  0.900,  is  almost  twice  as  great  as  the  next  closest  parameter, 
wind  speed,  -0.453.  This  relationship  is  understandable  since  a  material  is  in  direct 
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thermal  exchange  with  the  environment,  but  the  magnitude  is  a  little  surprising.  The 
changing  of  the  air  temperature  by  just  one  degree  results  in  a  0.5  degree  change  in  the 
apparent  temperature  of  most  materials.  Thus,  the  air  temperature  will  be  the  major 
meteorological  factor  influencing  the  apparent  temperature  of  the  materials.  Similar  to  the 
effects  of  changing  the  air  temperature,  the  wind  speed  also  strongly  affects  the  apparent 
temperature.  The  change  in  wind  speed  directly  affects  the  thermal  exchange  between  a 
material  and  the  environment.  However,  it  was  surprising  that  the  increased  wind  speed 
reduced  the  temperature  of  all  materials.  It  was  initially  thought  that  the  wind  speed 
would  increase  the  temperature  of  some  materials  while  decreasing  the  temperature  of 
others.  All  objects  will  tend  to  approach  the  reference  temperature  of  the  surrounding  air. 
Therefore,  the  air  should  warm  some  objects  and  cool  others.  This  shows  an  inadequacy 
of  THERM  in  modeling  the  environment. 

In  analyzing  the  other  parameters,  the  relatively  high  error/sensitivity  of  the 
atmospheric  transmission  and  upwelled  radiance  results  from  the  fact  that  these 
parameters  directly  affect  the  radiance  and  apparent  temperature  at  the  sensor. 

^sensor  Aground  ^2  (6.4) 

The  direct  relationship  between  these  two  input  parameters  and  the  apparent  temperatures 
suggests  that  any  error  in  these  two  parameters  will  cause  large  errors  in  the  synthetic 
image.  The  only  real  difference  between  the  effects  of  these  two  input  parameters  is  that 
upwelled  radiance  affects  all  materials  equally.  It  is  independent  of  the  material  type 
because  the  upwelled  radiance  is  additive.  In  contrast,  atmospheric  transmission  is 
material  dependent  because  it  is  multiplicative  with  the  radiance  at  the  ground,  and  not  all 
materials  have  the  same  radiance  at  the  ground.  However,  transmission  (T2)  and  upwelled 
radiance  (Lu)  are  highly  negatively  correlated  so  an  error  in  one  parameter  tends  to  be 
offset  or  negated  by  the  other.  As  a  result,  errors  in  either  of  these  two  parameters  will 
have  reduced  or  minimal  effects  on  the  apparent  temperature  at  the  sensor. 

While  the  effects  of  the  remaining  two  parameters  do  not  directly  affect  the 
radiance  at  the  sensor,  they  do  affect  the  self-emission  of  the  object  on  the  ground.  The 
resulting  temperature  errors  of  the  downwelled  radiance  and  the  direct  &  diffuse  insolation 
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were  minimal  when  compared  to  the  other  parameters.  This  was  somewhat  surprising. 

For  many  materials,  the  direct  &  diffuse  insolation  error  was  0.0,  with  an  average  of  0.103 
for  all  materials.  Apparently,  most  materials  have  reached  a  state  of  equilibrium  with 
respect  to  the  solar  influences  and  the  effects  of  the  solar  heating  during  the  day  are  non¬ 
existent.  While  the  increased  intensity  of  the  sun  may  have  caused  an  elevated 
temperature  of  the  material  during  the  day,  the  temperature  change  that  occurred  during 
the  day  is  not  apparent  as  most  materials  have  already  lost  the  majority  of  their  internal 
heat  caused  by  the  sun.  The  minimal  importance  of  downwelled  radiance  was  also 
somewhat  unexpected.  The  cold  temperature  of  the  sky  apparently  reduced  the 
downwelled  radiance  reaching  the  material  on  the  ground.  In  addition,  the  reflectance  of 
most  materials  is  around  0. 1  in  the  LWIR.  Therefore,  only  10%  of  the  downwelled 
radiance  that  a  target  sees  is  propagated  to  the  sensor.  Thus,  the  effects  of  downwelled 
radiance  are  minimal  when  compared  to  the  other  radiance  paths. 

While  a  single  meteorological  input  parameter  has  an  effect  on  all  materials  in  the 
scene,  the  effect  varies  from  material  to  material.  The  primary  differences  result  from 
shape  factor.  It  is  evident  that  materials  that  are  not  exposed  to  100%  of  the  sky  are  not 
as  greatly  influenced  by  it.  The  background  seems  to  provide  some  ‘protection’  from  the 
sky.  The  obscuring  of  the  sky  by  surrounding  objects  results  in  warmer  material 
temperatures  and  reduced  sensitivity  values.  This  is  illustrated  by  the  difference  in  the 
expected  temperature  errors  for  the  concrete  wall  and  concrete  sidewalk.  The 
temperature  error  due  to  a  change  in  the  air  temperature  for  the  concrete  wall,  0. 484,  is 
about  half  the  error  of  the  concrete  sidewalk,  1. 139.  In  general,  the  error,  or  sensitivity, 
of  the  construction  materials  for  walls  is  about  %  the  value  of  most  materials  in  the  scene. 
This  effect  is  also  seen  in  the  wind  speed  results.  Just  as  the  materials  are  protected  from 
the  temperature  of  the  sky,  they  seem  to  be  protected  from  the  wind.  Thus,  THERM 
seems  to  account  for  the  fact  that  surrounding  objects  will  not  only  block  the  sky 
temperature  but  also  the  wind. 

The  meteorological  sensitivity  results  provided  the  information  necessary  to 
improve  the  results  of  the  synthetic  image.  While  these  input  parameters  affect  each 
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material  differently,  the  effects  are  global.  The  change  in  just  one  of  these  input 
parameters  will  affect  the  apparent  temperature  of  all  materials  in  the  scene.  This  must  be 
considered  when  optimizing  the  input  parameters. 
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6.1.2  Material  Parameter  Sensitivity 

The  generic  material  parameters  that  were  used  in  the  sensitivity  analysis  were 
developed  from  a  combination  of  both  the  DCS  Corporation  and  the  NEF  materials 
database.  A  total  of  over  250  materials  were  available  for  selection  and  assignment  to  the 
facets  in  the  scene.  Unfortunately,  250  materials  does  not  even  begin  to  describe  the 
infinite  number  of  materials  in  the  world.  However,  these  materials  provided  a  starting 
point  and  reference  from  which  ‘new  materials’  could  be  developed. 

The  database  from  the  DCS  corporation  contained  valuable  information  on  the 
thermal  characteristics  of  materials  but  contained  no  detailed  spectral  information.  The 
NEF  database  on  the  other  hand  had  detailed  spectral  emissivity  curves  and  little 
information  on  the  thermal  characteristics.  This  led  to  an  integration  of  the  DCS  material 
parameter  values  with  the  spectral  information  from  the  NEF  database  to  create  a  spectral 
material  database. 

Once  this  was  accomplished,  a  detailed  sensitivity  analysis  began  on  the  material 
parameters  for  the  over  50  scene  materials  (only  18  were  actually  analyzed  because  some 
materials  had  the  exact  same  parameters  except  for  the  visible  emissivities  - 10  colored 
bricks,  10  colored  woods,  10  colored  shingles  &  3  asphalt  types).  Similar  to  the 
meteorological  parameters,  each  of  the  material  parameters  has  a  slightly  different  effect 
on  the  temperature  of  the  material;  but  unlike  the  meteorological  parameters,  the  changing 
of  a  single  material  parameter  does  not  affect  the  entire  scene.  The  material  parameters 
are  described  in  more  detail  below,  along  with  the  absolute  minimum  and  maximum 
allowable  values  for  any  material,  and  the  expected  relationship  between  a  change  in  the 
material  parameter  and  the  change  in  the  output  temperature. 


Heat  Capacity  (Ucm  °C)  -  Heat  capacity  is  the  amount  of  thermal  storage  that  is  capable 
by  an  object,  where  heat  capacity  is  determined  by  multiplying  the  mass  density  and  the 
specific  heat. 

Min:  0. 0  Positive  Relationship 
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Thermal  Conductivity  (L-cm/hr  °C)  -  The  thermal  conductivity  provides  an  indication  as 
to  the  rate  at  which  energy  is  transferred  by  the  diffusion  process  (Incropera  1990).  The 
greater  the  thermal  conductivity,  the  greater  the  rate  of  heat  transfer  between  the  material 
and  the  surrounding  environment. 

Min:  0. 0  Positive  Relationship 

Thickness  (cm)  -  The  thickness  of  a  material  affects  the  thermal  inertia,  the  resistance  of  a 
material  to  changes  in  the  thermal  environment.  Increased  thickness  results  in  a  material 
that  is  not  as  affected  by  the  air  temperature. 

Min:  0. 0  Positive  Relationship 

Visible  Emissivity  (%)  -  The  visible  emissivity  is  ‘the  fraction  of  visible  insolation  that  is 
absorbed  by  a  material.’  It  is  the  average  emissivity  of  a  material  in  the  .4  to  2.0  pm 
region  of  the  electromagnetic  spectrum. 

Min:  0. 0;  Max:  1. 0  Positive  Relationship 

Thermal  Emissivity  (%)  -  The  thermal  emissivity  is  the  fraction  of  thermal  energy  that  is 
absorbed  by  a  material.  It  is  the  average  emissivity  of  a  material  in  the  8  to  14  pm  of  the 
electromagnetic  spectrum.  The  temperature  of  a  material  increases  as  the  thermal 
emissivity  approaches  1.0. 

Min:  0.0;  Max:  1.0  Positive  Relationship 

Exposed  Area  (%)  -  An  adjustment  term  or  ‘fudge  factor’  that  is  used  to  describe  the 
percentage  of  the  facet  that  is  exposed  to  the  environment.  When  the  surface  is  exposed 
to  the  environment  on  both  sides,  a  positive  shape  factor  is  used.  In  contrast,  a  negative 
shape  factor  is  used  when  one  side  of  the  surface  is  not  exposed  to  the  surrounding 
environment;  it  is  exposed  to  stagnant  air  or  another  material.  Recent  improvements  have 
been  made  to  the  exposed  area  within  DIRSIG  to  reduce  some  of  the  guesswork 
associated  with  this  parameter.  If  (shape  factor  <  0.5): 

Exposed  Area  =  Exposed  Area  ■  Shape  Factor  •  2. 0 

Min: -1.0;  Max:  1.0  Positive/Negative  Relationship 

Self  Generated  Power  SGP  (L/hr)  -  This  is  also  a  ‘fudge  factor’  that  is  used  to 
compensate  for  facets  that  are  actively  generating  power.  This  might  include  the  hood  of 
a  car  that  is  heated  by  the  engine,  or  even  the  side  of  a  heated  house  in  the  winter  time. 
Min:  0.0;  Max:  10.0  Positive  Relationship 

Shape  Factor  SF  (%)*  -  The  shape  factor  is  the  amount  of  sky  that  the  material  can  ‘see.’ 
The  raytracer  program  that  is  implemented  by  DIRSIG  calculates  this  parameter  within  5- 
10%  of  the  exact  value. 

Min:  0. 0;  Max:  1. 0  Positive  Relationship 

W  L  cal 

*  L  -  Langley  where  1  — ^  =  0.086  —  and  \L-\  x 
^  ^  hr  crn^ 
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Also  like  the  meteorological  sensitivity  study,  the  sensitivity  of  each  material 
parameter  was  accomplished  using  a  batch  file.  The  MathCad  analysis  for  the  material 
parameters  was  similar  to  the  meteorological  parameter  analysis.  The  following  flow  chart 
describes  the  material  parameter  sensitivity  analysis  in  detail. 


TH  HC  TC  VE  TE  EXA  SGP 


TH  HC  TC  VE  TE  EXA  SGP 


TH  HC  TC  VE  TE  EXA  SGP 


TH  HC  TC  VE  TE  EXA  SGP 


Figure  6.5  Material  parameter  sensitivity  analysis  flow  chart 
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As  discussed  earlier,  the  change  in  the  material  temperature  was  then  graphed  as  a 
function  of  the  change  in  the  input  parameter,  Aparameter.  This  was  done  to  ensure 
linearity  so  that  a  first  order  approximation  of  the  slope  of  the  line  provided  an  acceptable 
value  for  ALsensoMparameter.  Unfortunately,  not  all  graphs  were  monotonic  and  linear; 
some  were  parabolic  in  shape  as  can  be  seen  below. 

Roof  Gravel  Sensitivity 


Parabolic  Linear/Monotonic 

Thickness  Sensitivity  Thickness  Sensitivity 


-  -  Generic  Material  Radiance  "  '  Generic  Material  Radiance 

Sensitivity  =  0.235  Sensitivity  =  0.456 

_ Figure  6,6  Material  parameter  graph  analysis _ 

These  graphs  showed  that  changing  the  material  parameter  over  the  specified  range  was 
not  linear  for  all  values.  In  order  to  use  the  first  order  approximation,  the  range  had  to  be 
confined  to  limit  the  analysis  to  a  range  of  values  where  the  curve  was  monotonic  and 
linear.  The  most  common  non-linearities  occurred  in  the  thickness  and  heat  capacity 
values.  Typically,  if  the  curve  was  not  linear,  only  2  data  points  near  the  minimum  or 
maximum  needed  to  be  eliminated  to  make  the  curve  linear.  Once  the  range  was  reduced, 
a  new  sensitivity  value  was  calculated  for  the  material  parameter.  The  following  table 
summarizes  the  expected  temperature  errors  resulting  from  the  sensitivity  analysis  of  the 
material  parameters  (the  sensitivity  units  are  provided  as  a  reference). 
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Table  6.2  Material  parameter  sensitivity  results 
expressed  as  apparent  temperature  errors 


Material 

Name 

Heat 

Capacity 

Thermal 

Conductivity 

Thickness 

“C 

Visible 

Emissivity 

"C 

Thermal 

Emissivity 

"C 

Exposed 

Area 

SGP 

“C 

cF  (  L  /cm  ■’‘C  ) 

a  (  L-cm/kr ) 

a  (cm  ) 

<T  (  unities!  ) 

a  (  unitless  ) 

<7  (  unitless  ) 

+ 

(7(  L/hr  ) 

BCM 

^■i 

■■ 

aluminum 

-0.0031 

EEiniH 

0.0000 

-0.0182 

gilfcfel 

QBI 

asphalt 

shingle 

-0.0109 

ij^n 

m 

roof  gravel 

0.0618 

0.0724 

0.0016 

-0.0446 

-2.461 

1.441 

steel 

-0.0117 

0.0000 

-0.0810 

0.0000 

brick 

0.0277 

0.0447 

-0.0500 

0.0000 

ElltHIl 

wall  concrete 

EllittU 

ijsHI 

4.366 

wall  wood 

0.0026 

BlltlJH 

EB9 

3.281 

window  glass 

-0.0101 

0.0020 

-0.0113 

0.0000 

Bwtaa 

0.252 

4.188 

Soils/Water 

HH 

■■ 

0.0172 

0.0001 

BjjfeU 

UBiJ 

red  clay 

0.0244 

0.0001 

eezbhi 

BMSBa 

BSO 

brown  dirt 

0.0209 

BOB 

IQB 

bbqi 

-0.0403 

water  -  river 

0.0066 

-0.0124 

0.0008 

-0.0380 

U|e|l 

SCM 

■ril 

asphalt  street 

0.1008 

-0.0980 

0.0002 

-0.0373 

-1.490 

1.656 

concrete 

0.1108 

0.2131 

0.0034 

-0.0787 

-1.288 

1.518 

4.122 

Vegetation 

^■1 

grass 

0.1038 

0.4710 

0.0008 

-0.0575 

BBfcH 

tree  deciduous 

0.0457 

0.2062 

0.0000 

Btiifefcl 

EBB 

tree  trunk 

-0.0026 

-0.0457 

0.0000 

■wwa 

3.654 

AVERAGE 

0.0350 

0.0572 

0.0117 

0.0006 

3.822 

The  results  of  the  material  parameter  sensitivity  analysis  contained  some 
peculiarities  that  warranted  further  analysis.  One  of  the  most  noticeable  irregularities  was 
the  minimal  effect  of  visible  emissivity  on  many  of  the  materials.  While  the  temperatures 
of  materials  are  traditionally  very  responsive  to  changes  in  the  visible  emissivity,  the  0200 
imaging  time  negated  the  effects  of  the  materials’  visible  characteristics.  The  materials  had 
already  released  all  their  stored  energy  that  was  generated  during  the  day  when  the  sun 
and  visible  emissivity  influence  the  temperature.  This  phenomena  was  supported  by  the 
insensitivity  of  most  materials  to  changes  in  the  direct  &  diffuse  insolation.  The  materials 
had  reached  a  state  of  equilibrium  with  respect  to  solar  influences.  As  a  result,  it  was 
difficult  to  optimize  the  visible  emissivity  of  the  materials.  This  caused  a  serious  problem 
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when  the  optimized  material  parameters  were  used  for  validation  with  the  daytime 
Inframetrics  imagery.  The  optimized  material  parameters  were  not  robust  enough  because 
of  the  inability  to  optimize  the  visible  characteristics  of  the  materials. 

The  extreme  sensitivity  of  all  materials  to  self  generated  power  and  exposed  area 
was  not  unexpected.  It  is  difficult  to  estimate  the  effects  of  the  internal  side  of  a  facet. 
When  THERM  calculates  a  material  temperature,  it  assumes  the  material  is  only  affected 
by  the  surrounding  environment;  it  knows  nothing  about  what  is  on  the  other  side  of  the 
material.  Self  generated  power  and  exposed  area  can  be  used  to  balance  the  influence 
between  the  external  and  internal  environments  of  a  facet.  All  materials  were  fairly  equally 
sensitive  to  changes  in  the  self  generated  power.  The  main  differences  in  the  sensitivities 
resulted  from  different  material  thermal  emissivities  and  orientations.  Since  adding  power 
is  virtually  independent  of  the  other  input  parameters,  this  parameter  could  be  used  on  an 
individual  facet  to  change  its  temperature  while  not  changing  the  temperature  of  the  same 
material  at  a  different  location  in  the  scene.  This  might  be  important  for  increasing  the 
temperature  of  active  materials,  such  as  buildings,  where  internal  heat  sources  raise  the 
temperature  of  the  external  surface 

However,  no  facets  in  the  scene  were  initially  given  self  generated  power; 
therefore,  exposed  area  had  the  highest  sensitivity/apparent  temperature  error  in  the  scene. 
As  a  result,  it  should  be  the  first  material  parameter  to  be  optimized  to  reduce  large  errors 
in  the  apparent  temperatures  of  materials.  It  was  also  evident  that  the  apparent 
temperature  error  of  exposed  area  was  strongly  influenced  by  the  actual  shape  factor  of  an 
object.  Soils  and  vegetation  with  shape  factors  near  1 .0  are  almost  5  times  more  sensitive 
to  changes  in  the  exposed  area  than  wall  construction  materials  such  as  wood  or  brick  that 
have  shape  factors  near  0.5.  Shape  factor  seemed  to  magnify  the  effects  of  the  exposed 
area. 


The  apparent  temperature  error  of  exposed  area  was  magnitudes  greater  than  any 
other  parameter.  All  other  parameters  were  relatively  insensitive  to  input  errors  when 
compared  to  exposed  area.  Ignoring  the  exposed  area,  the  relatively  high  sensitivity  of 
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most  materials  to  changes  in  the  thermal  conductivity  was  surprising.  Because  the  visible 
factors  had  virtually  no  effect  on  the  apparent  temperature  of  the  materials,  it  seemed  that 
the  materials  might  have  reached  a  state  of  equilibrium  with  the  surrounding  environment. 
The  high  sensitivity  of  the  thermal  conductivity  contradicted  this.  Apparently,  the 
materials  had  not  reached  a  state  of  equilibrium  with  respect  to  the  background,  only  the 
solar  inputs.  In  examining  the  meteorological  conditions,  the  surface  temperature  and 
atmosphere  are  in  a  constant  state  of  fluctuation.  As  the  temperature  of  the  background 
continually  changes,  the  time  to  reach  equilibrium  is  based  on  the  thermal  conductivity. 

For  example,  the  metallic  materials,  steel  and  aluminum,  had  no  change  in  temperature  as 
Aparameter thermal  conductivity  was  varied.  The  high  thermal  conductivity  of  these  materials 
causes  them  to  lose  their  heat  more  quickly  and,  hence,  reach  equilibrium  with  a 
fluctuating  environment  faster  than  other  materials.  Most  other  materials  have  some  lag 
time  in  responding  to  the  environment.  Therefore,  the  thermal  conductivity  has  a 
relatively  large  influence  on  their  apparent  temperature.  If  the  imaging  time  had  been 
closer  to  sunset,  around  1700  hours  when  the  environment  is  changing  more  rapidly,  the 
thermal  conductivity  may  have  had  a  more  pronounced  influence  on  the  temperatures  of 
the  materials,  and  the  sensitivity  values  would  have  been  even  larger.  Overall,  these 
effects  were  minor;  the  sensitivity  of  thermal  conductivity  was  only  high  in  relation  to  the 
other  material  parameters,  excluding  exposed  area  and  self  generated  power. 

Thermal  emissivity  also  had  a  relatively  high  temperature  error/sensitivity  when 
exposed  area  and  self  generated  power  were  ignored.  This  is  explained  by  the  fact  that  the 
radiance  reaching  the  sensor  is  in  the  thermal  region  of  the  electromagnetic  spectrum.  The 
thermal  emissivity  of  the  material  regulates  how  much  energy  from  the  material  actually 
reaches  the  sensor.  In  addition,  the  thermal  emission  dominates  the  radiation  exchange  at 
night.  A  material  that  has  a  temperature  of  10°C  and  thermal  emissivity  of  0.9  might 
appear  the  same  as  a  different  material  at  1 1°C  with  a  thermal  emissivity  of  0.85.  Similar 
to  all  the  other  material  input  parameters,  the  thermal  emissivity  sensitivity  decreases  as 
the  shape  factor  decreases. 

concrete  wall  (0.5):  -0.0377  concrete  sidewalk  (1.0):  -0.0787 
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Thus,  thermal  emissivity  is  one  of  the  input  parameters  that  must  be  optimized  to  reduce 
the  error  in  the  synthetic  image. 

The  final  input  parameters,  thickness  and  heat  capacity,  act  as  one  parameter 
within  THERM.  The  integration  of  these  two  parameters  resulted  in  some  confusing 
sensitivity  values.  Both  positive  and  negative  sensitivities/errors  were  found  within  the 
heat  capacity  and  thickness  parameter  categories.  Unlike  the  other  parameters  where 
shape  factor  can  be  used  to  describe  anomalies,  no  clear  factor  presented  itself  Initial 
thoughts  lead  one  to  believe  that  a  very  small  thermal  inertia  or  very  large  thermal  inertia 
in  the  presence  of  a  very  cold  sky  caused  the  unique  results.  Thickness  affects  the  thermal 
inertia  and  thermal  exchange  between  the  material  and  the  surrounding  environment.  As 
discussed  earlier,  the  environment  is  in  a  constant  state  of  fluctuation  and  minor  changes  in 
the  air  temperature  have  large  effects  on  the  temperatures  of  materials.  The  thermal 
inertia  can  result  in  prolonged  response  times  to  the  environment  and  might  cause  these 
results.  Regardless  of  the  cause,  care  should  be  taken  when  optimizing  these  input 
parameters  because  of  their  unpredictable  sensitivities. 
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6.1.3  Time  History  Material  Parameter  Sensitivity  Analysis 

As  discussed  earlier,  the  temperature  of  a  material  is  dependent  upon  the  input 
parameters,  including  time.  Therefore,  a  time  history  sensitivity  analysis  was  also 
conducted  to  see  how  the  sensitivity  values  for  the  material  parameters  change  over  time. 
Understanding  how  the  sensitivity  values  change  over  time  provides  information  on  the 
responsivity  of  a  material  to  the  solar  region  of  the  electromagnetic  spectrum,  0.4  to  2.0 
pm.  This  information  is  usefiil  when  optimizing  the  material  parameters  and  provides 
insight  on  how  the  material  will  respond  under  different  viewing  conditions  and 
parameters. 

The  time  history  sensitivity  analysis  was  conducted  on  two  of  the  most  prominent 
and  well  defined  materials  in  the  scene,  asphalt  and  grass.  These  two  materials  should 
provide  the  general  characteristic  responsivity  of  any  material  over  time,  from  0600  in  the 
morning  until  the  0200  imaging  time  on  the  next  day,  where  sunrise  was  @  0655  and 
sunset  was  @  1655.  The  resulting  sensitivity  values,  converted  to  apparent  temperature 
errors  at  the  sensor,  can  be  seen  in  the  following  graphs. 
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From  these  graphs,  it  is  evident  that  the  sensitivity  of  the  materials  increases 
dramatically  in  the  presence  of  solar  loading.  The  materials  are  much  less  sensitive  to 
input  error  and  are  much  less  responsive  in  the  absence  of  solar  loading.  The  only  material 
parameter  for  which  this  does  not  seem  to  hold  true  is  self  generated  power,  SGP.  This  is 
understandable  since  the  active  heating  of  a  facet  does  not  depend  much  on  the  sun;  the 
heating  of  the  facet  by  the  SGP  term  is  the  driving  force  behind  the  temperature  of  the 
facet. 


The  time  history  sensitivity  analysis  was  useful  in  showing  the  characteristic 
behavior  of  a  material  over  time.  It  showed  the  large  effects  of  solar  loading  during  the 
day  and  how  these  effects  diminish  over  time.  It  also  supported  the  earlier  conclusion  that 
the  materials  have  reached  an  equilibrium  with  respect  to  the  solar  loading.  Thus,  the 
temperatures  of  the  objects  at  imaging  time  are  dominated  by  the  material  properties  and 
the  background,  both  sky  and  other  objects. 
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6.2  Input  Parameter  Optimization 


With  the  results  of  the  sensitivity  analysis,  the  material  parameters  could  be 


Figure  6.9  DIRSIG  radiance  image 


optimized.  A  visual  assessment  was  first 
made  of  the  DIRSIG  imagery.  This 
revealed  a  problem  in  the  radiance  image. 
The  sides  of  the  buildings  in  the  truth 
imagery  had  higher  apparent  temperatures 
than  the  roofs  of  the  buildings,  but  the 
opposite  was  true  in  the  synthetic  imagery. 
These  contrast  reversals  were  evident  for 
some  of  the  structures  in  the  scene,  but  not 
all.  So,  it  was  then  necessary  to  determine 
the  cause  of  this  contrast  reversal  in  the 
synthetic  image. 


The  DIRSIG  debug  images  provided  the  tools  to  detect  the  problem.  The 
temperature  debug  image  revealed  that  the  sides  of  the  houses  were  in  fact  warmer  than 
the  roofs.  The  shape  factor  debug  image  also  confirmed  that  the  structures  were  modeled 


Temperature  Image  Shape  Factor  Image 


Figure  6. 10  DIRSIG  debug  images 
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correctly.  The  problem  was  with  the  radiance  values  and  not  the  actual  temperatures  of 
the  objects.  Because  the  radiance  values  were  near  the  expected  values  for  so  many 
objects  in  the  scene,  the  key  was  to  detect  the  radiance  term  that  was  vastly  different. 

This  inspection  revealed  low  emissivity  values  for  the  sides  of  some  structures.  The 
grazing  angles  of  the  sensor  resulted  in  a  large  reduction  of  the  spectral  emissivity  value  by 
the  angular  emissivity  factor.  Evidently,  the  angular  emissivity  factors  that  were  obtained 
from  the  1992  validation  by  Rankin  were  too  small  and  needed  to  be  modified. 

Fortunately,  Snyder’s  evaluation  of  houses  as  part  of  the  NYSERDA  project  involved 
estimating  angular  emissivities  using  the  following  equation. 

[Q.9cos(e)f‘^'’  [1.0/ (0.9°-^^ )]  (6.5) 

This  equation  was  then  used  to 
modify  materials  with  angular  emissivities 
less  than  0.75.  The  scene  was  then 
reprocessed  and  everything  was  visually 
acceptable.  With  acceptable  visual 
results,  it  was  possible  to  proceed  with 
the  task  of  optimizing  the  input 
parameters. 

Before  any  actual  modifications  could  be  made  to  the  input  parameters,  it  was 
necessary  to  do  a  mathematical  comparison  of  the  truth  and  synthetic  imagery.  This  was 
accomplished  by  calculating  the  histogram  of  both  images.  The  mean  values  and  standard 
deviations  of  the  histograms  could  be  compared  to  determine  the  difference  between  the 
images.  This  comparison  shows  potential  global  errors  in  the  radiance  values  of  the 
synthetic  image,  i.e.  an  erroneous  gain  affecting  the  standard  deviation  and  bias  affecting 
the  mean  value.  The  following  conceptual  diagram  shows  the  histogram  of  the  truth 
imagery  and  the  synthetic  imagery 


Figure  6.11  Angular  emissivity  curve 
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Figure  6,12  Histogram  comparison 

These  graphs  show  both  a  mean  level  radiance  error  and  a  standard  deviation  error  of  the 
synthetic  image.  In  analyzing  the  synthetic  image,  the  only  variables  that  affect  all  the 
radiance  values  reaching  the  sensor  are  the  atmosphere,  weather,  and  the  sensor  gain  and 
bias.  An  individual  error  in  a  particular  material  parameter  would  not  likely  cause  a 
dramatic  shift  in  the  overall  mean  and  standard  deviation  of  the  synthetic  radiance  values, 
unless  there  was  an  extremely  large  percentage  of  one  material  in  the  scene.  Therefore, 
the  efforts  to  reduce  the  global  error  in  the  synthetic  image  would  begin  by  examining  the 
atmospheric  and  weather  parameters  and  then  proceed  to  optimizing  the  material 
parameters  in  the  scene. 

Like  the  sensitivity  analysis,  the  process  of  optimizing  the  input  parameters  was 
accomplished  using  an  off-line  version  of  THERM  followed  by  a  MathCad  program.  The 
flow  diagram  on  the  following  page  illustrates  the  procedure  used  to  optimize  the  input 
parameters.  A  batch  file  was  once  again  used  to  determine  the  output  temperature  for 
each  material  that  was  assigned  to  a  facet  in  the  scene.  The  output  temperature  is 
converted  into  a  radiance  at  the  sensor  using  the  ‘big  equation’.  The  radiance  at  the 
sensor  is  multiplied  by  a  weight  factor  which  corresponds  to  the  percentage  of  the  material 
in  the  scene.  The  mean  level  radiance  and  standard  deviation  can  then  be  calculated  from 
the  following  equations. 
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i 

i  -  for  all  materials  in  the  scene  (6  6) 

The  DIRSIG  primary  material  debug  image  shows  the  material  for  each  pixel  in  the  scene. 
A  histogram  of  the  debug  image  provides  the  appropriate  weighting  factors  for  each 
material.  This  allows  the  average  scene  radiance  and  standard  deviation  to  be  estimated  as 
the  input  parameters  are  changed  without  having  to  rerun  DIRSIG.  This  process  greatly 
reduced  the  time  required  to  determine  the  overall  scene  effects  when  changing  the  input 
parameters.  Without  it,  it  would  take  several  days  using  DIRSIG  to  determine  the  effects 
of  a  single  input  change  on  the  output  image.  With  all  the  analysis  tools  in  hand,  the 
actual  meteorological  and  material  parameters  could  finally  be  optimized  to  reduce  the 
error  in  the  synthetic  image. 
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When  optimizing  the  input  parameters,  the  expected  temperature  errors  at  the 
sensor  provide  the  means  to  reduce  the  error  in  the  synthetic  image.  While  it  might  be 
possible  to  remove  all  the  error  by  changing  a  single  parameter,  a  better  approach  involves 
modifying  multiple  parameters  by  a  small  amount  to  achieve  the  desired  change.  For 
example,  all  error  might  be  reduced  by  a  lo  change  in  the  thermal  conductivity.  A  0.2g 
change  in  thermal  conductivity,  0.3a  change  in  the  thermal  emissivity,  and  a  0.3a  change 
in  the  heat  capacity  provide  the  same  reduction  in  error.  It  is  more  likely  that  multiple 
parameters  have  a  small  error  versus  one  parameter  having  a  large  error.  This  also  applies 
to  the  meteorological  parameters,  not  just  the  material  parameters. 

6.2.1  Meteorological  Parameter  Optimization 

When  the  synthetic  image  was  analyzed,  the  apparent  temperatures  at  the  sensor 
were  about  six  degrees  too  low.  The  only  parameters  that  affect  the  entire  scene  are  the 
meteorological  parameters  and  the  sensor  gain  and  bias.  With  a  large  bias  error  in  the 
synthetic  image,  the  sensitivity  analysis  showed  that  it  would  most  likely  be  caused  by  an 
error  in  one  of  the  weather  parameters.  This  is  where  actual  measured  data  provided  a 
clue  into  the  actual  error.  The  temperature  of  the  asphalt  shingle  roofs  was  known  from 
ground  collection  data  that  was  acquired  at  the  time  of  the  imagery.  This  placed  the  actual 
temperature  of  asphalt  shingles  around  -7.25°C,  but  THERM  showed  the  temperature  to 
be  -1 1.27°C.  A  scene  wide  bias  of  3-4°C  in  the  temperatures  at  the  ground  could  only  be 
caused  by  the  weather  file,  specifically  the  air  temperature.  While  the  wind  speed  was  also 
considered,  the  wind  was  less  than  5  mph  throughout  the  day  and  calm  at  the  imaging 
time.  Based  on  the  temperature  error  at  the  ground,  the  air  temperature  was  increased  by 
2a,  4°C,  to  reduce  the  error. 

It  was  initially  thought  that  this  large  bias  in  the  synthetic  image  was  caused  by  an 
inadequacy  of  THERM.  THERM  uses  the  surface  air  temperature  to  predict  an  upper  air 
temperature.  It  is  this  upper  air  temperature  that  the  objects  are  in  radiational  exchange 
with,  not  the  surface  air  temperature.  This  required  changing  the  surface  air  temperature 
to  increase  the  upper  air  temperature  profile  generated  by  THERM.  While  this  may  have 
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been  the  source  of  error,  the  air  temperature  near  the  Kodak  Hawkeye  plant  may  have 
actually  been  several  degrees  warmer  than  the  at  the  airport  where  the  surface  air 
temperature  was  recorded.  The  airport  is  to  the  south  of  the  city  in  a  suburban  area 
whereas  the  Hawkeye  plant  is  in  the  middle  of  the  city.  It  is  possible  that  the  city  air 
temperature  was  several  degrees  warmer  than  the  airport  and  this  is  what  caused  the  error. 

The  atmospheric  transmission  &  upwelled  radiance  could  be  modified  to  improve 
the  radiance  values.  However,  little  additional  information  was  known  on  the  atmosphere 
that  could  be  used  to  alter  the  radiance  values.  This  led  to  a  trail  and  error  approach  of 
modifying  the  Modtran  card  deck.  Several  atmospheres  were  created  by  modifying  the 
atmospheric  profile  of  the  constituents,  but  modifying  these  parameters  had  little  influence 
on  the  radiance  reaching  the  sensor.  The  only  way  to  obtain  a  noticeable  change  in  the 
radiance  values  was  to  actually  modify  the  output  radiance  file  from  Modtran  that  is  used 
in  DIRSIG.  This  was  not  acceptable.  The  validation  needed  to  be  accomplished  using  the 
output  from  the  DIRSIG  submodels. 

The  following  table  summarizes  the  results  of  the  optimization  of  the 
meteorological  parameters. 


Meteorological  Parameter 

Optimized 

Temperature 

2a 

Wind  Speed 

Direct  &  Diffuse  Insolation 

- 

Atmospheric  Transmission 

- 

Downwelled  Radiance 

- 

Upwelled  Radiance 

-- 

6.2.2  Material  Parameter  Optimization 

With  the  global  errors  in  the  synthetic  image  removed,  it  was  time  to  remove  the 
individual  errors  in  the  materials.  The  optimization  of  the  material  parameters  would 
further  reduce  the  error  in  the  synthetic  image.  Reviewing  the  results  of  the  sensitivity 
analysis,  the  exposed  area  and  the  thermal  conductivity  had  the  highest  average  expected 
temperature  errors,  followed  by  thermal  emissivity,  heat  capacity,  and  thickness.  The 
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most  sensitive  parameters  would  be  changed  first,  followed  by  the  remaining  material 
parameters. 

It  was  first  necessary  to  know  the  difference  between  the  synthetic  image  created 
with  the  optimum  weather  file  and  the  truth  imagery.  This  difference  showed  how  much 
change  was  actually  needed  in  the  apparent  temperature  for  each  material.  The  expected 
temperature  errors  from  the  sensitivity  study  revealed  the  amount  of  temperature  change 
that  was  possible  by  varying  the  material  parameters.  The  goal  was  to  alter  the  parameters 
and  combine  their  respective  temperatures  errors  in  a  way  that  reduced  the  overall 
apparent  temperature  error.  This  required  using  the  generic  values  and  standard 
deviations  to  provide  reference  points  for  optimizing  each  material  parameter  value.  For 
example,  the  changing  of  a  material  parameter  value  by  half  a  standard  deviation  would 
reduce  the  apparent  temperature  error  by  V2  of  that  parameter’s  expected  temperature 
error. 

Apparent  Temp  Error  -  0. 5 (ATexp) exposed  area  =  Partial  Reduction  App  Temp  Error 
The  standard  deviation  and  the  generic  value  were  then  used  to  determine  the  optimized 
material  parameters  value  that  should  be  used  in  the  actual  DIRSIG  scene. 

The  results  of  the  optimization  are  shown  in  the  charts  below.  The  apparent 
temperature  error  between  the  generic  material  DIRSIG  imagery  and  the  truth  imagery  is 
listed  first.  This  represented  the  error  that  needed  to  be  eliminated  through  the 
optimization  of  the  material  parameters.  The  expected  temperature  change  resulting  from 
the  optimized  material  parameters  is  shown  next.  Within  the  tables,  the  sensitivity  of  each 
material  parameter,  expressed  as  an  apparent  temperature  error,  is  provided  first.  This  is 
followed  by  the  generic  material  parameter  value,  and  the  standard  deviation  of  the  input 
parameter.  Finally,  the  optimization  values  are  listed.  This  includes  the  standard  deviation 
required  to  reduce  the  error  between  the  truth  and  the  synthetic  imagery,  and  the  final 
optimized  material  parameter  value  that  was  used  to  create  the  validation  imagery. 
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Building  Construction  Materials 


Aluminum  -  ID  #50 

Error  -  0.23 


AToptimu^  -  0.085 


ArSyi,) 


PHHHI 


OIM 

niEf 


-0.30 

0.00 


Asphalt  Shingle  -  ID  #60-69 
Error  -  0.25 


AToptimum- 0.162 


Roof  Gravel  -  ID  #12  Steel  -  ID  #52 

Error  -  0.48  Error  -  0.62 


Input 


Wall  Wood  -  ID  #80-89 

Error  -  0.73 
AToptimum  -  0. 1 19 


UK’S 


TE 

-0.0377 

EXP 

SGP 

13.281  1 

0.5124  0 


^98 _ 

,50 _ 

.80 


0.865 


-0.40 


0.00 


El 


El 


Window  Glass  -  ID  #54 
Error  -  1.03 
AToptimum"’  0,119 
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Soils 


Gray  clay  -  ID  #40 
Error  -  1.37 


AToptimum  "  0.425 


Input 

CKN 

a 

OPT 

HC 

wEm 

TC 

0.720 

0.972 

TH 

EEElQi 

6.85 

4-85 

VE 

eemh 

BBiasa 

0.095 

0.000 

TE 

MilJiil 

0.015 

0.000 

1.738 

ElEQJgl 

■eesi 

5.00 

MililiiiM 

0.00 

Red  clay  -  ID  #41 

Error  -  1.84 

AToptimum  "  0-^10 


Input 

A’l\.sp 

(;en 

a 

AfT()|,| 

OPT 

HC 

EE3QH 

WikWM 

HE19 

0.3702 

TC 

M>V>ill 

4.862 

TH 

-0.0817 

9.85 

-0.730 

4.95 

VE 

EEMH 

MifcVU 

0.075 

TE 

BIGIEEH 

■KE3 

0.015 

HEE3 

EXP 

-0.25 

SGP 

kesd^i 

0.00 

5.00 

0.000 

0.00 

Brown  dirt  -  ID  #13 
Error  -  2.03 


Lt  brown  gravel  -  ID  #43 
Error  -  1.42 


AToptimum  ■  0.777  ATopUmum  "  0.322 


Input 

A 1 

(;i:n 

CT 

Aciopj 

OPT 

HC 

0.41 

0.110 

0.476 

O-liJ 

TC 

mmm 

TH 

-0.0993 

9.85 

6.85 

5.85 

VE 

0.0024 

■3^3 

^EES 

0.85 

TE 

-0.0403 

MiliVil 

EXP 

1.543 

HEIS 

IHQI 

SGP 

3.797 

0.00 

5.00 

0.000 

0.00 

Input 

A 1  e\|) 

(;kn 

a 

AcT(,|,i 

OPT 

HC 

0.3222 

0.042 

0.909 

0.3422 

TC 

EEMH 

^EEEi 

■^1 

I31U 

TH 

EE^H 

§■^3 

VE 

0.0004 

0.095 

0.000 

0.825 

TE 

-0.0335 

0.025 

0.000 

0.925 

EXP 

1.579 

-0.25 

0.25 

0.200 

-0.22 

SGP 

3.541 

0.00 

5.00 

0.000 

0.00 

Surface  Construction  Materials 


Asphalt  Street  -  ID  #5 
Error  -  -0.27 


ATpptimun,  -  -0.02 


Input 

A  1  e\|) 

(;kn 

a 

ACTopl 

OPT 

HBEIi 

mmm 

-0.182 

0.4325  1 

■1^ 

beiei 

laaii 

MlMm 

TH 

-0.0980 

9.55 

7.15 

3EUIB 

VE 

0.86 

0.87 

TE 

0.955 

■EEE9 

0.000 

0.945 

EXP 

1.656 

-0.25 

0.50 

0.040 

-0.22 

SGP 

3.809 

0.00 

5.00 

0.000 

0.00 

Concrete  -  ID  #6 
Error  -  0.53 


AToptimum  -  0.320 


Input 

A I  t.\i) 

CT 

AcTojji 

OPT 

HC 

0.1108 

0.3105 

0.055 

-0.182 

0.3005 

TC 

0.0233 

15.50 

1.10 

15.50 

TH 

0.2131 

4.765 

VE 

0.725 

0.125 

■QiQI 

TE 

0.935 

0.055 

■esei 

HEESi 

EXP 

1.518 

-0.25 

0.50 

0.040 

-0.23 

SGP 

4.122 

0.00 

5.00 

0.000 

0.00 

Vegetation 


Grass  -  ID  #4 
Error- -1.17 


AToptimum  "  ”0.721 


Input 

A I  i.\p 

(;i:n 

a 

Act  opt 

OP  I 

0.1038 

IHQI 

-1.000 

HEOl 

IH^S 

-0.933 

HE9 

MBiH 

0.4710 

1.225 

-1.000 

0.05 

0.0008 

IHEI 

0.12 

E3EEEI 

0.79 

TE 

-0.0575 

^BEEI 

0.05 

HEEI 

0.94 

EXP 

1.456 

0.50 

WiliMil 

4.560 

i^EEEI 

heeei 

iHsEEl 

Tree-deciduous  -  ID  #25 
Error  -  -0.21 
AToptimum  -  0. 1 14 


Input 

A'r,..„ 

(;i:n 

a 

Act„j,j 

OPT 

HC 

0.0457 

1.0 

0.2 

1.00 

TC 

12.5 

7.5 

12.5 

TH 

mm^m 

1.00 

0.9 

1.50 

VE 

0.00 

0.935 

0.055 

Milan 

TE 

-0.0063 

0.95 

0.01 

MilililiM 

■EEa 

EXP 

0.918 

0.5 

SGP 

4.683 

0.00 

5.0 

0.000 

0.00 
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The  following  chart  summarizes  the  optimization  results.  It  reveals  the  amount  of 
change  in  the  input  parameter  that  was  required  to  reduce  the  apparent  temperature  error. 
The  optimization  of  each  material  parameter  improved  the  radiometric  accuracy  of 
DIRSIG. 

Table  6.3  Optimized  material  parameter  changes 
-  expressed  as  standard  deviations 


Material 

Heat 

Thermal 

Thickness 

Visible 

Thermal 

Exposed 

Name 

Capacity 

Conductivity 

Emissivity 

Emissivity 

Area 

(W/m^) 

(L’Cm/hr°C) 

(cm) 

(unitless) 

(unitless) 

(unitless) 

BCM 

aluminum 

-1.00 

1.00 

-0.67 

0.00 

0.00 

0.40 

asphalt 

0.19 

0.47 

-0.62 

0.00 

0.00 

0.12 

roof  gravel 

0.60 

0.78 

0.63 

0.00 

0.00 

0.24 

roof  steel 

-0.44 

0.84 

-0.89 

0.00 

0.00 

0.20 

brick 

0.083 

0.470 

-0.30 

0.17 

-0.10 

0.44 

wall  concrete 

0.07 

0.18 

0.75 

0.00 

-0.31 

1.2 

wall  wood 

-0.082 

0.083 

-0.40 

0.00 

-0.63 

0.40 

window  glass 

-0.059 

0.75 

-0.44 

0.00 

-0.63 

0.40 

Soils 

gray  clay 

0.42 

0.97 

-0.72 

0.00 

0.00 

0.20 

red  clay 

0.50 

0.83 

-0.73 

0.00 

-0.67 

0.40 

brown  dirt 

0.90 

0.77 

-0.58 

0.00 

0.00 

0.20 

It  brown  gravel 

0.47 

0.78 

-0.72 

0.00 

0.00 

0.12 

SCM 

asphalt  street 

-0.18 

0.00 

-0.33 

0.80 

0.00 

0.04 

concrete 

0.67 

0.60 

-0.28 

0.11 

-0.40 

0.06 

Vegetation 

Grass 

0 

-0.93 

-1.00 

0.00 

0.20 

-0.06 

Tree  deciduous 

0.00 

0.00 

0.56 

0.00 

0.00 

0.00 

These  changes  in  the  input  parameters  helped  to  reduce  the  error  in  the  synthetic 
image.  They  could  have  been  better  with  more  time  and  more  DIRSIG  synthetic  imagery, 
but  time  prevented  further  optimization  of  the  input  parameters.  The  visible  emissivity 
was  often  left  its  generic  values  because  of  its  low  expected  temperature  error.  Without 
additional  information  to  modify  the  visible  emissivity,  the  initial  estimated  value  from  the 
databases  seemed  to  be  the  best  value.  Following  the  rule  that  the  first  estimate  is 
sometimes  the  best,  very  little  effort  was  spent  in  optimizing  the  trees.  It  was  known  that 
this  material  was  not  correct  as  all  the  trees  in  the  scene  were  coniferous.  Similarly,  a 
sensitivity  analysis  was  conducted  of  water,  but  in  the  end,  the  temperature  of  the  of  water 
was  set  to  4.0°C.  THERM  simply  cannot  determine  the  temperature  of  a  material  whose 
temperature  is  based  on  seasonal  factors. 


124 


The  optimization  of  the  materials  still  ended  up  being  ad  hoc.  The  sensitivity 
analysis  helped  to  reduce  some  of  the  guesswork  as  it  provided  insight  into  the  direction  a 
material  parameter  should  be  changed,  but  there  was  usually  a  difference  between  the 
expected  change  and  the  actual  change.  Most  of  this  discrepancy  can  be  attributed  to  the 
approximations  in  the  running  of  the  off-line  version  of  THERM.  The  errors  and  constant 
state  of  change  of  DIRSIG  also  made  it  difficult  to  determine  the  error  source.  DIRSIG 
was  under  a  constant  state  of  change  during  the  validation.  As  a  result,  it  was  difficult  to 
obtain  a  solid  baseline  from  which  to  optimize  the  parameters. 

It  was  originally  planned  to  use  both  the  primary  and  secondary  sets  of  imagery  in 
an  interactive  manner  to  minimize  the  error  in  common  materials  and  points.  This  method 
could  not  be  used  due  to  a  combination  of  factors.  The  primary  materials  in  the 
Inffametrics  imagery  of  Hawkeye  were  concrete  siding,  red  brick,  and  glass  windows. 
Because  of  the  nadir  viewpoint  in  the  Bendix  imagery,  these  materials  could  not  be 
distinguished  from  each  other,  but  windows  could  be  seen  in  the  houses.  These  windows 
were  used  to  estimate  the  material  parameters  of  the  Hawkeye  windows.  However,  a 
direct  comparison  was  still  not  possible  because  the  glass  windows  were  not  visible  in  any 
of  the  nadir  synthetic  imagery.  These  problems  precluded  the  use  of  the  combined 
imagery  in  optimizing  the  material  parameters. 

The  optimization  of  the  material  parameters  is  an  endless  process,  especially  if 
every  single  material  in  the  scene  is  modeled.  One  roof  gravel  was  used  in  the  scene 
where  in  reality,  there  were  numerous  roof  gravel  materials,  asphalt  shingles,  wood 
sidings,  and  colored  bricks.  While  it  is  still  somewhat  of  a  trial  and  error  approach,  the 
sensitivity  analysis  provided  the  tools  to  reduce  some  of  the  guesswork.  The  presented 
results  were  a  balance  between  error  and  time. 
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6.5  Input  Parameter  Modification  &  Sensitivity  Analysis  Summary 


The  steps  and  methodology  followed  in  optimizing  the  inputs  to  the  Hawkeye 
scene  can  be  applied  to  the  development  of  any  synthetic  image.  The  procedure  for 
modifying  the  input  parameters  is  outlined  by  the  following  steps: 


1.  Determine  limiting  bounds  of  input  parameters. 

2.  Do  a  sensitivity  analysis  of  the  input  parameters. 

3.  Do  a  histogram  comparison  between  the  truth  imagery  and  the  synthetic  imagery. 


Figure  6.14  Histogram  Comparison  Summary 


4.  Optimize  the  input  parameters  that  affect  the  overall  scene. 

5.  Optimize  the  input  parameters  that  affect  individual  objects. 


Table  6.4  Input  Parameter  Effect  Summary 
(Increase  in  the  value  of  the  input  parameter) 


Sensitivity 

Overall  Scene 

Individual  Material 

Parameter 

Effect 

Effect 

Air  Temperature 

+  mean  temp 

+  temp 

Wind  speed 

-  mean  temp 

-  temp 

Direct  &  Diffuse 

+  mean  temp 

+  temp 

Insolation 

Transmission 

+  mean  temp 

+  temp 

Upwelled  Radiance 

+  mean  temp 

+  temp 

Downwelled  Radiance 

+  mean  temp 

+  temp 

Heat  Capacity 

— 

±temp 

Thermal  Conductivity 

— 

+  temp 

Thickness 

— 

±  temp 

Visible  Emissivity 

— 

+  temp 

Thermal  Emissivity 

— 

-  temp 

Exposed  Area 

— 

±temp 

Self  Generated  Power 

— 

+  temp 
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7,0  Recommendations  &  Conclusions 

The  primary  goal  of  this  validation  was  to  advance  the  assessment  of  DIRSIG  from 
established  test  targets  in  a  relatively  controlled  environment  to  a  scene  where  relatively 
little  was  known.  This  truly  tested  the  robustness  of  DIRSIG  to  model  the  real  world.  In 
the  end,  DIRSIG  was  able  to  model  the  real  world  with  a  RMS  error  of  1.0782  degrees 
and  a  ROC  coefficient  of  0.9214  for  the  primary  truth  imagery.  However,  when  the 
optimized  material  parameters  from  the  primary  truth  imagery  were  used  in  the  creation  of 
the  secondary  truth  imagery,  the  ROC  coefficients  decreased  to  0.4395  for  the  imagery  of 
Hawkeye  and  0.400  for  the  imagery  of  the  church.  This  decrease  in  accuracy  of  the 
synthetic  imagery  resulted  from  the  optimization  of  the  material  parameters  during  the 
night.  The  effects  of  the  visible  characteristics  on  the  self  emission  of  a  material  are 
minimal  at  night  so  little  effort  was  spent  in  optimizing  the  visible  material  parameters.  In 
contrast,  these  visible  characteristics  dominate  the  self  emission  of  an  object  during  the 
day,  leading  to  poor  results  in  the  daytime  imagery.  Despite  the  problem  of  using  the 
optimized  material  parameters  with  the  da54ime  imagery,  the  sensitivity  analysis  and 
optimization  was  successful  in  reducing  the  RMS  error  in  the  nighttime  synthetic  imagery 
from  6.87  to  1.08  RMS  and  increasing  the  ROC  coefficient  from  0.89  to  0.92. 

7.1  DIRSIG 

Throughout  the  validation,  many  obstacles  were  encountered  that  revealed  the 
limitations  of  DIRSIG.  These  obstacles  ranged  from  hardware  memory  problems  to  basic 
user  mistakes.  Because  of  these  problems,  DIRSIG  proved  to  be  a  very  labor  intensive 
program,  requiring  constant  assistance  from  the  developers.  In  addition,  the  constant  state 
of  change  and  upgrades  being  made  to  DIRSIG  meant  that  new  problems  were 
encountered  regularly.  As  a  result,  much  of  the  validation  was  spent  in  finding  user  input 
errors  as  well  as  DIRSIG  logic  errors.  While  this  was  not  the  primary  goal  of  the  thesis,  it 
did  help  determine  the  robustness  of  DIRSIG.  Despite  all  the  problems,  the  true 
capabilities  of  DIRSIG  could  be  exploited  once  the  scene  was  created.  This  included 
changing  the  look  angles,  resolution,  or  any  of  the  imaging  parameters. 
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The  errors  and  problems  associated  with  DIRSIG  could  be  reduced  with 
improvements  in  the  following  areas: 


THERM:  A  better  thermal  model  is  needed  for  DIRSIG.  A  thermal  model  should  be  able 
to  determine  the  conduction  between  neighboring  facets.  While  research  was  conducted 
on  internal  heat  sources,  they  still  have  not  been  integrated  into  THERM.  Therefore,  self¬ 
generated  power  is  still  used  as  a  fudge  factor  to  account  for  the  heating  of  facets.  Also,  it 
would  be  nice  to  have  a  thermal  model  that  referenced  the  internal  temperature  of  an 
object  in  determining  the  external  temperature.  THERM  also  fails  in  modeling  the  upper 
air  temperature,  wind  effects,  and  surface  objects.  These  problems  lead  to  recommending 
an  entirely  new  thermal  model.  It  also  had  a  problem  modeling  the  upper  air  temperature. 
It  also  did  not  model  wind  effects. 

Speed  Improvements:  Currently,  it  takes  about  2  days  to  create  a  512x512  image  for  a 
scene  containing  over  100,000  facets.  While  it  would  be  nice  to  have  results  in  only 
minutes  or  seconds,  realistic  generation  times  in  the  order  of  hours  instead  of  days  would 
be  a  great  improvement. 

Wavelength/Wavenumbers:  DIRSIG  currently  operates  in  wavenumber  units.  It  would 
be  nice  if  DIRSIG  could  accept  either  wavelengths  or  wavenumbers  as  inputs. 

Trees:  The  ability  of  DIRSIG  to  model  trees  is  limited,  but  this  is  not  a  problem  unique 
to  DIRSIG.  It  is  extremely  difficult  to  model  organic  things  are  in  constant  states  of 
change.  Work  is  currently  being  conducted  in  this  area  in  the  visible  and  NIR  regions,  but 
analysis  is  still  needed  in  the  other  regions  of  the  electromagnetic  spectrum.  Trees  are  also 
extremely  difficult  to  incorporate  into  a  scene  because  of  the  large  number  of  facets  that 
are  needed  to  create  realistic  looking  trees.  While  it  is  often  possible  to  create  several 
trees,  it  becomes  extremely  difficult  when  trying  to  model  many  trees  or  a  forest.  This  is 
where  a  balance  between  the  number  of  facets  and  the  realism  must  be  made. 

Graphical  Interface:  A  graphical  interface  that  prompts  the  user  for  inputs  and  also 
displays  error  messages  would  aid  in  the  generation  of  synthetic  images. 

Directional  Wind  <6  Interference:  A  directional  wind  with  the  interference  from 
neighboring  buildings  would  also  improve  the  results  in  the  LWIR.  Preliminary  testing 
and  analysis  has  been  done  in  this  area,  but  it  still  needs  to  be  incorporated  into  the  actual 
DIRSIG  program.  It  is  not  known  how  much  this  will  affect  the  results  but  is  a 
consideration. 

CAD  Program:  A  better  CAD  program  is  needed.  AutoCad  had  difficulties  handling  the 
large  number  of  facets  in  the  scene.  In  addition,  CAD  programs  are  available  that  can  read 
in  images.  These  images  can  then  be  used  as  templates  or  at  least  references  when 
constructing  the  facets. 
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7.2  Sensitivity  Analysis  &  Input  Parameter  Optimization 

The  next  step  in  advancing  the  sensitivity  study  would  involve  automating  the 
entire  process.  While  the  C-shell  batch  files  saved  a  great  deal  of  time,  the  MathCad 
analysis  slowed  the  process.  An  alternative  programming  or  analysis  package  should  be 
used  that  is  more  adaptive  to  changes.  This  would  allow  the  entire  sensitivity  study  to  run 
with  less  inputs  from  the  user.  Eventually,  it  might  be  possible  to  automate  the  procedure. 
A  program  could  iterate  through  this  process  of  optimizing  the  input  parameters  and  arrive 
at  the  optimized  material  input  values  with  minimal  input  from  the  user,  similar  to  a  user 
defining  training  polygons  in  a  classification  program.  An  interactive  programming 
environment  such  as  AVS  might  be  the  solution  to  automating  the  optimization  of  the 
input  parameters. 

More  importantly,  better  sets  of  imagery  would  be  useful  in  analyzing  the  input 
parameters.  More  imagery  similar  to  the  Bendix  imagery  would  be  needed.  The 
Inffametrics  imagery  simply  did  not  provide  the  resolution,  field  of  view,  or  accuracy  that 
was  needed.  In  addition,  the  primary  imagery  should  be  daytime  imagery.  This  will  allow 
the  input  parameters  to  be  optimized  at  a  time  when  all  the  material  parameters  have  a 
noticeable  affect  on  the  apparent  temperature  of  a  material,  especially  the  visible 
characteristics  of  a  material.  The  time  history  sensitivity  analysis  helped  to  show  the 
increase  in  the  sensitivity  of  the  material  parameters  during  the  day.  These  optimized 
material  parameters  can  then  be  used  in  validating  a  nighttime  scene.  If  possible,  the  ideal 
solution  would  include  several  images  of  the  same  region  taken  throughout  the  day,  to 
include  morning,  afternoon,  evening,  and  night.  Then,  the  multiple  sets  of  imagery  can  be 
used  in  optimizing  the  input  parameters. 
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7.3  Conclusion 


DIRSIG  was  able  to  closely  simulate  the  nighttime  imaging  conditions  present  in  the 
primary  truth  imagery.  A  low  RMS  error,  1.08  °C,  and  high  ROC  coefficient,  0.92, 
resulted  after  the  optimization  of  the  input  parameters.  However,  it  was  difficult  to 
properly  model  the  angular  and  background  effects  seen  in  the  real  imagery.  In  addition, 
poor  results  were  evident  when  the  optimized  material  parameters  from  the  primary  truth 
imagery  were  used  in  the  validation  with  the  secondary  truth  imagery.  The  validation  and 
sensitivity  analysis  showed  that  imagery  acquired  at  different  times  of  the  day,  morning, 
noon,  evening,  and  night,  would  be  more  useful  in  optimizing  the  input  parameters. 

Synthetic  imagery  will  never  replace  real  imagery,  but  it  can  be  used  in  a  wide 
variety  of  applications  and  scenarios  to  reduce  costs.  Specifically,  synthetic  imagery 
allows  for  the  testing  of  image  algorithms  and  analysis  techniques.  It  offers  a  unique 
platform  for  testing  these  new  tools  that  real  imagery  can  never  offer;  the  input  parameters 
and  variables  can  be  controlled  throughout  the  image  generation  process.  This  control  of 
the  variables  allows  the  inputs  to  be  changed  one  at  a  time  to  incrementally  add 
complexity  in  testing  the  algorithms  and  techniques.  Then,  if  errors  occur,  they  can 
quickly  be  detected  because  the  truth  values  and  control  variables  are  known  at  all  stages 
in  the  synthetic  image  process.  This  image  cube  was  constructed  using  DIRSIG  synthetic 
imagery  for  the  analysis  of  a  new  hyper-spectral  fusion  technique.  It  is  just  one  of  the 
many  possible  uses  of  DIRSIG  synthetic  imagery. 
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Appendix  B 

DIRSIG  Files 


Bendix  Line  Scanner 
DIRSIG  Batch  File  {^.bat) 


#!/bin/csh 

5*c:tc*5*c*  ***><«********♦*******  *******=^**  ************  *********** 

#  Set  up  environment  based  on  machine  architecture 

^**:*c*****4c:<<*  *♦-****************************************************  ********* 

if  (SHOSTARCH  ==  aux)  then 
setenv  TIMER  /bin/time 
else  if  (SHOSTARCH  ==  alpha)  then 
setenv  TIMER  /bin/time 
else  if  (SHOSTARCH  ==  mips)  then 
setenv  TIMER  /usr/bin/time 
else  if  (SHOSTARCH  ==  paragon)  then 
setenv  TIMER  /usr/bin/time 
else  if  (SHOSTARCH  ==  sun4)  then 
setenv  TIMER  /bin/time 
else  if  (SHOSTARCH  ==  sgi)  then 
setenv  TIMER  /bin/time 
else 
echo  ”  ” 

echo  "Unsupported  architecture  for  dirsig2.5" 
echo  "  " 
exit 
endif 
endif 

^*:^c:^«:♦c★★**5^<:^<:♦e5^<:4c3♦t^^«3fe********♦*♦5^‘*♦♦**♦♦♦***♦♦*****♦*******  ****************  **** 

#  Current  run  information 

^**:*c**:fr* ****::ie*:tc:4c* ********** ******************************************** 


setenv  DIRSIG_HOME  /dirs/pkg 

setenv  DIRSIG_EMISSIVITY  ../../z_materials/emissivity_angular 
setenv  DIRSIG_EXTINCTION  ../../z_materials/extinction 
setenv  DIRSIG_TEXTURE  ../../z_materials 
setenv  DIRS IG_TEXTURE_MIN_ WAVELENGTH  0.4 
setenv  DIRSIG_TEXTURE_MAX_WAVELENGTH  0.7 

STIMER  $DIRSIG_HOME/bin/dirsig  -f\ 

10nov_hawkeye.adv  \ 

10nov_hawkeye.snd  \ 

../.7z_weather/10nov_hawkeye_optimum.wth  \ 
../../z_materials/hawkeye_optimum.mat  \ 
../../z_scene/hawkeye_subarea34.gdb  \ 

10nov_hawkeye.rad  \ 
bendix.sen  \ 

10nov_hawkeye_final.dat  \ 

>&  10nov_hawkeye_final.LOG 


Bendix  Line  Scanner 
AutoCad  view  files  (*.adv) 


Hawkeye 

1  Onovjiawkeye  .adv 
2650  1600  465 
2650  1600  1500 
90  -90  0.0 
35 

600  600 

Church 

1  Onovjchurch.adv 
644  890  460 
644  1300  1500 
68.48  90.00  0.0 

58.33 
300  300 

Strip  Mall 

lOnovjnall.adv 
1225  890  460 
1225  1300  1500 
68.48  90  0.0 

58.33 
300  300 


Garden 

1  Onov_garden.adv 
1200  1445  490 
1200  1600  1500 
81.28  90  0.0 

58.33 
300  300 

Gorge 

10nov_gorge.adv 

1940  700  250 

1940  1400  1500 

60.75  90  0.0 

60.0 

200  200 

Flyover 

lOnovjtadir.adv 
1800  1600  240.0 
1800  1600  240.0 
90  -90  0.0 
55.0 
512  512 


Bendix  Line  Scanner 
Scene  node  files  (^.snd) 


Hawkeye 

I  Onov  Jiawkeye  .snd 

0.522 

1 

696.28  1250.0  13.5 
-54.0  54.0  6.0 

II  1091 
7.0 

5.0 

43.1833  77.621 

Church 

I  Onov _church.adv 

0.522 

1 

696.28  1250.0  13.5 
-11.0  55.0  3.0 

II  10  91 
7.0 

5.0 

43.1833  77.621 

Strip  Mall 

lOnovjnall.adv 

0.522 

1 

696.28  1250.0  13.5 

-11.0  55.0  3.0 

11  10  91 

7.0 

5.0 

43.1833  77.621 


Garden 

I  Onov_garden.snd 

0.522 

1 

6%.28  1250.0  13.5 
-24.0  44.04.0 

II  1091 
7.0 

5.0 

43.1833  77.621 

Gorge 

I  Onov  _gorge. snd 

0.522 

1 

696.28  1250.0  13.5 
-3.0  62.0  2.5 

II  10  91 
7.0 

5.0 

43.1833  77.621 

Flyover 

I  Onov  jiadir. snd 

0.522 

1 

696.28  1250.0  13.5 
-64.0  64.0  6.0 

II  1091 
7.0 

5.0 

43.1833  77.621 


Bendix  Line  Scanner 
Platform  motion  profile  {"^.prf) 


# 

#  DIRSIG  flight  description  ... 

# 

FLIGHT_SIMPLE_BEGIN 
NUMBER_OF_SCANS  =  512 
SCAN_RATE  =  0.0229 
FLIGHT_HEADING  =  0.0 
FLIGHT_AL'nTUDE  =  381.0 
AVERAGE_SPEED  =  90.0 
AVERAGE_ROLL  =  0.0 
AVERAGE.PITCH  =  0.0 
AVERAGE.YAW  =  0.0 
FLIGHT_SIMPLE_END 


Bendix  Line  Scanner 

Platform  specification  file 


# 

#  DIRSIG  Platform  Specification  file 

# 

SYSTEM.BEGIN 

PLATFORM.ID  =  BENDDC 

PLATFORM.TYPE  =  2 
It  1  ->  EKED 

#  2  ->  AIRBORN 

#  3  ->  ORBITAL 

ORBITAL_ALTrrUDE  =  -1 

#  +n  ->  ALTITUDE  (meters) 

#  -1  ->  N/A  (PLATFORM_TYPE  cannot  be  ORBITAL) 

ORBITAL.INCLINATION  =  -1 

#  +n  ->  INCLINATION  (meters) 

#  -1  ->  N/A  (PLATFORM_TYPE  cannot  be  ORBITAL) 

SCANNER_TYPE  =  2 

#  1  ->  FRAME 

#  2  ->  LINE  SCANNER 

#  3  ->  PUSHBROOM  SCANNER 

SCANNER  DUTY.CYCLE  =  0.30 

#  +n  ->  DUTY  CYCLE  (%) 

#  -1  ->  N/A  (SCANNER.TYPE  must  be  FRAME) 

SCAN_RATE=  0.0229 

#  +n  ->  SCAN  RATE  (ms) 

#  -1  ->  N/A  (SCANNER_TYPE  must  be  FRAME) 

FOCAL_LENGTH  =  0. 1 524 

#  n  ->  FOCAL  LENGTH  (meters) 

NUMBER_OF_BANDS  =  1 

#  .  n  ->  NUMBER  OF  BANDS 

SYSTEM_END 

BAND.BEGIN  =  1 

#  n  ->  NEW  BAND  (2) 

BAND_ID  =  TEST_BAND1 

#  n  ->  BAND_ID 

SAMPLES_PER_LINE  =  512 

#  n  ->  SAMPLES_PER_LINE 

LINES.PER.SCAN  =  1 

#  n  =  LINES_PER_SCAN 

CROSS_TRACK_PITCH  =  0.0 

#  n  =  CROSS_TRACK_PITCH  (um) 

ALONG_TRACK_PITCH  =  0.0 

#  n  =  ALONG_TRACK_PITCH  (um) 

BAND_OFFSET  =  0.0 

#  n  =  BAND.OFFSET  (radians) 

DETECTOR_OFFSET  =  0.0 

#  n  =  DETECTOR_OFFSET  (radians) 


BAND_END 


Bendix  Line  Scanner 

Modeling  file  {modeling) 


# 

#  DIRSIG  Modeling  Description  ... 

# 

modeling_begin 
model_earth_rotation  =  0 

MODEL_LINE_SKEW  =  0 
CENTER_TARGET  =  0 
REGISTER.BANDS  =  0 
REGISTER_DETECTORS  =  0 
ALONG_TRACK_LOOK_ANGLE  =  0.0 
CROSS_TRACK_LOOK_ANGLE  =  0.0 
PLATFORM_FTI.ENAME  =  todd_bendix.psf 
PROFILE_FILENAME  =  todd_simple.prf 
IMAGE_SIZE  =  512  512 


MODELING_END 


Bendix  Line  Scanner 

Sensor  file  (*.sen) 


42 

1 

0 

0.28 

0.33125 

0.375 

0.43 

0.48 

0.55 

0.605 

0.64 

0.670 

0.685 

0.6975 

0.700 

0.733 

0.75 

0.77 

0.805 

0.825 

0.85 

0.875 

0.90 

0.925 

0.94 

0.9525 

0.96 

0.975 

0.987 

0.995 

0.98 

0.9675 

0.945 

0.927 

0.885 

0.835 

0.79 

0.755 

0.715 

0.68 

0.61 

0.535 

0.4875 

0.325 

0.20 


Bendix  Line  Scanner  -  generic  weather  file 

1  Onov_hawkeye_generic.wth 


52  I 


0 

-6.11111 

1033.7 

0.882  -1 

2.539773 

0 

0 

0.9 

5 

0 

0 

0 

1 

-6.11111 

1033.7 

0.882  -1 

2.539773 

0 

0 

0.9 

5 

0 

0 

0 

2 

-6.66667 

1034.2 

0.919  -1 

3.047727 

0 

0 

05 

5 

0 

0 

0 

3 

-6.66667 

10343 

0.919  -1 

3.047727 

0 

0 

0.9 

5 

0 

0 

0 

4 

-6.66667 

10343 

0.919  -1 

3.047727 

0 

0 

0.9 

5 

0 

0 

0 

5 

-7,22222 

1034.6 

0.919  -1 

Z031818 

0 

0 

0.9 

5 

0 

0 

0 

6 

-7.77778 

1034.7 

0.918  -1 

2339773 

0 

0 

1 

5 

0 

0 

0 

7 

-7.77778 

1035.6 

0,918  -1 

Z031818 

67.06 

0.74 

0.9 

5 

0 

0 

0 

8 

-7.22222 

1035.9 

0.919  -1 

Z031818 

8035 

165 

0.9 

5 

0 

0 

0 

9 

-4.44444 

10353 

0312  -1 

3.047727 

85.91 

355 

1 

5 

0 

0 

0 

10 

-1.66667 

10353 

0.72  -1 

Z539777 

88.86 

439 

1 

5 

0 

0 

0 

11 

1.666667 

1035.4 

0.567  -i 

0.000000 

90.26 

5.01 

1 

5 

0 

0 

0 

12 

2.777778 

1034.7 

0.482  -1 

Z031818 

90.33 

5.02 

0.7 

5 

0 

0 

0 

13 

1.666667 

1034 

0.499  -1 

3355682 

89.07 

4.73 

0.5 

5 

0 

0 

0 

14 

2.222222 

1033.2 

0.501  -1 

Z539773 

863 

4.04 

06 

5 

0 

0 

0 

15 

i777778 

10333 

0.503  -1 

3.047727 

81.27 

181 

0.7 

5 

0 

0 

0 

16 

1.666667 

1Q3Z7 

0.544  -1 

3.047727 

7636 

1.98 

0.8 

1 

0 

0 

0 

17 

0.000000 

10314 

0.612  -1 

3.047727 

0 

0 

0.9 

1 

0 

0 

0 

18 

-0.55556 

1032.4 

0.637  -1 

2339773 

0 

0 

1 

0 

0 

0 

0 

19 

-i.imi 

1032.1 

0,663  -1 

1323864 

0 

0 

1 

0 

0 

0 

0 

20 

-2.72222 

1031.7 

0.75  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

21 

-5.00000 

1031.1 

0.846  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

22 

-4,44444 

1031 

0.847  -1 

1323864 

0 

0 

1 

0 

0 

0 

0 

23 

-5J5556 

1030.6 

092  -1 

Z031818 

0 

0 

1 

0 

0 

0 

0 

24 

-6.11111 

10293 

0.882  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

25 

-6.66667 

1029 

0.881  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

26 

-6.66667 

1029.2 

0.919  -I 

0.000000, 

0 

0 

1 

0 

0 

0 

0 

27 

-7.22222 

10283 

0.959  -I 

0.000000 

0 

0 

1 

0 

0 

0 

0 

28 

-7.22222 

1030.3 

0.919  -1 

3.047727 

0 

0 

0,9 

5 

0 

0 

0 

29 

-7.22222 

1034.6 

0.919  -I 

Z031818 

0 

0 

0.9 

5 

0 

0 

0 

30 

-iii'm 

1034.7 

0.918  -1 

Z539773 

0 

0 

I 

5 

0 

0 

0 

31 

-7.77778 

1035.6 

0.918  -1 

Z031818 

67.06 

0.74 

0.9 

5 

0 

0 

0 

32 

•122222. 

1035.9 

0.919  -1 

Z031818 

80.55 

165 

0.9 

5 

0 

0 

0 

33 

-4,44444 

10353 

0.812  -1 

3.047727 

85.91 

3.95 

I 

5 

0 

0 

0 

34 

-1.66667 

10353 

0.72  -1 

1539777 

88.86 

4.69 

1 

5 

0 

0 

0 

35 

1.666667 

1035.4 

0.567  -1 

0.000000 

90.26 

5.01 

1 

5 

0 

0 

0 

36 

2Tnn% 

1034.7 

0.482  -1 

1031818 

90.33 

5.02 

0.7 

5 

0 

0 

0 

37 

1.666667 

1034 

0.499  -1 

3.555682 

89.07 

4.73 

0.5 

5 

0 

0 

0 

38 

Z222222 

1033.2 

0.501  -1 

1539773 

863 

4.04 

0.6 

5 

0 

0 

0 

39 

2.777778 

10333 

0.503  -1 

3.047727 

81.27 

181 

0.7 

5 

0 

0 

0 

40 

1.666667 

10317 

0.544  -1 

3.047727 

76.36 

158 

0.8 

1 

0 

0 

0 

41 

0.000000 

10314 

0.612  -1 

3.047727 

0 

0 

0.9 

1 

0 

0 

0 

42 

-0.55556 

10314 

0.637  -1 

1539773 

0 

0 

1 

0 

0 

0 

0 

43 

-l.lllll 

10311 

0.663  -1 

1.523864 

0 

0 

1 

0 

0 

0 

0 

44 

-2.22222 

1031.7 

0.75  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

45 

-5.00000 

1031.1 

0.846  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

.46 

1031 

0.847  -1 

1.523864 

0 

0 

1 

0 

0 

0 

0 

47 

-5.55556 

1030.6 

0.92  -1 

1031818 

0 

0 

1 

0 

0 

0 

0 

48 

-6.11111 

10293 

0.882  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

49 

1029 

0.881  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

50 

-6.66667 

1029.2 

0,919  -1 

0.000000 

0 

0 

1 

0 

0 

0 

0 

51 

-7.22222 

10283 

0.959  -1 

0.000000 

0 

0 

; 

0 

0 

0 

0 

Bendix  Line  Scanner  -  optimum  weather  file 

1  Onov  _hawkeye_optimum.wth 


52 

1 

0 

-111111 

1 

-mill 

2 

-166667 

3 

-166667 

4 

-166667 

5 

-3.22222 

6 

-3.77778 

7 

-3.77778 

8 

0.22222 

9 

-0.44444 

10 

1666667 

11 

5.666667 

12 

6.777778 

13 

5.666667 

14 

6,222222 

15 

6.777778 

16 

5.666667 

17 

4.000000 

18 

3055556 

19 

3.111111 

20 

1.222222 

21 

-1.00000 

22 

.0.44444 

23 

-105556 

24 

-111111 

25 

-136667 

26 

-136667 

27 

-188888 

28 

-3.22222 

29 

-3.22222 

30 

-3.77778 

31 

-3.77778 

32 

-3.22222 

33 

.0.44444 

34 

1666667 

35 

5.666667 

36 

6.777778 

37 

5.666667 

38 

6.222222 

39 

6.777778 

40 

5.666667 

41 

4.000000 

42 

3.555556 

43 

3.111111 

44 

1.222222 

45 

-1.00000 

46 

-0.44444 

47 

-1.55556 

48 

•111111 

49 

-136667 

50 

-136667 

51 

-188888 

1033.7 

0.882 

1033.7 

0382 

1034.2 

0.919 

10343 

0.919 

10343 

0.919 

1034.6 

0.919 

1034.7 

0.918 

1035,6 

0.918 

1035.9 

0.919 

10353 

0.812 

1035.8 

0.72 

1035.4 

0367 

1034.7 

0.482 

1034 

0.499 

1033.2 

0.501 

10333 

0.503 

10317 

0344 

10314 

0.612 

1C314 

0.637 

10311 

0.663 

1031.7 

0.75 

1031.1 

0.846 

1031 

0.847 

1030.6 

0.92 

10293 

0.882 

1029 

0.881 

1029.2 

0.919 

10283 

0.959 

10303 

0.919 

1034.6 

0.919 

1034.7 

0.918 

1035.6 

0.918 

1035.9 

0.919 

1035.8 

0.812 

10353 

0.72 

1035.4 

0.567 

1034.7 

0.482 

1034 

0.499 

1033.2 

0.501 

10333 

0.503 

10317 

0344 

10314 

0.612 

10314 

0.637 

10311 

0.663 

1031.7 

0.75 

1031.1 

0.846 

1031 

0.847 

1030.6 

0.92 

1029.8 

0.882 

1029 

0.881 

1029.2 

0.919 

1028.8 

0.959 

-1  2-539773 

-1  2^39773 

-1  3.M7727 

-1  3.047727 

-1  3.047727 

-1  Z031818 

-1  1539773 

-1  1031818 

-1  1031818 

-1  3.047727 

-1  1539777 

-1  0.000000 

-1  .  1031818 

-1  3^55682 

4  1539773 

-1  3.047727 

-1  3.M7727 

4  3.047727 

4  1539773 

4  1.523864 

4  0.000000 

4  0.000000 

4  1.523864 

4  1031818 

4  0.000000 

4  0.000000 

4  0.000000 

4  0.000000 

4  3.047727 

4  1031818 

4  1539773 

4  1031818 

4  1031818 

4  3.047727 

4  1539777 

4  0.000000 

4  1031818 

4  3.555682 

4  1539773 

4  3.047727 

4  3.047727 

4  3.047727 

4  1539773 

4  1.523864 

4  0.000000 

4  0.000000 

4  1.523864 

4  1031818 

4  0.000000 

4  0.000000 

4  0.000000 

4  0.000000 


0 

0 

0.9 

0 

0 

0.9 

0 

0 

0.9 

0 

0 

0.9 

0 

0 

0.9 

0 

0 

0.9 

0 

0 

1 

67.06 

0.74 

0.9 

80.55 

235 

0.9 

85.91 

3.95 

1 

88.86 

4.69 

1 

90.26 

5.01 

1 

90.33 

5.02 

0.7 

89.07 

4.73 

03 

863 

4.01 

0.6 

81.27 

231 

0.7 

76.36 

1.98 

0.8 

0 

0 

0.9 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

0.9 

0 

0 

0.9 

0 

0 

1 

67.06 

0.74 

0.9 

80,55 

265 

0.9 

85.91 

3.95 

1 

88.86 

4.69 

1 

90.26 

5.01 

1 

90.33 

5.02 

0.7 

89.07 

4.73 

0.5 

863 

4.04 

0.6 

8J.27 

281 

0.7 

76.36 

1.98 

0.8 

0 

0 

0.9 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

I 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

1 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

1 

1 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

5 

1 

I 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 
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0 
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0 
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0 
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0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Bendix  Line  Scanner 
Modtran  card  deck  (*xdk) 


722  1  000000  11  1  0.000  0.00 

5  2  0  1  0  0  24.000  0.000  0.000  0.000  0.218 

33  0  OTEMP 

0.218  0.103E+04-0.722E+01-0.777E+01  O.OOOE+00  O.OOOE+OOABG 
0.242  0.997E+03-0.610E+01-0.108E+02  O.OOOE+00  O.OOOE+OOABG 
0.290  0.991E+03-0.370E+01-0.640E+01  O.OOOE+OO  O.OOOE+OOABG 
0.365  0.982E+03-0.180E+01-0.720E+01  O.OOOE+OO  O.OOOE+OOABG 
0.461  0.970E+03-0.200E+01-0.960E+01  O.OOOE+OO  O.OOOE+OOABG 
0.767  0.933E+03-0.360E+01-0.960E+01  O.OOOE+OO  O.OOOE+OOABG 
1.019  0.904E+03-0.300E+00-0.180E+02  O.OOOE+OO  O.OOOE+OOABG 
1.208  0.883E+03  0.310E+01-0.173E+02  O.OOOE+OO  O.OOOE+OOABG 
1.516  0.850E+03  0.360E+01-0.168E+02  O.OOOE+OO  O.OOOE+OOABG 

I. 864  0.814E+03  0.300E+01-0.173E+02  O.OOOE+OO  O.OOOE+OOABG 
2.113  0.790E+03  0.420E+01-0.166E+02  O.OOOE+OO  O.OOOE+OOABG 
2.531  0.750E+03  0.240E+01-0.179E+02  O.OOOE+OO  O.OOOE+OOABG 
3.085  0.700E+03-0.400E+00-0.200E+02  O.OOOE+OO  O.OOOE+OOABG 
3.735  0.645E+03-0.390E+01-0.207E+02  O.OOOE+OO  O.OOOE+OOABG 
4.400  0.593E+03-0.660E+01-0.212E+02  O.OOOE+OO  O.OOOE+OOABG 
4.982  0.550E+03-0.980E+01-0.265E+02  O.OOOE+OO  O.OOOE+OOABG 
5.710  0.500E+03-0.150E+02-0.310E+02  O.OOOE+OO  O.OOOE+OOABG 

6.834  0.430E+03-0.229E+02-0.359E+02  O.OOOE+OO  O.OOOE+OOABG 

7.834  0.374E+03-0.304E+02-0.401E+02  O.OOOE+OO  O.OOOE+OOABG 
8.892  0.322E+03-0.399E+02-0.490E+02  O.OOOE+OO  O.OOOE+OOABG 
10.808  0.241E+03-0.539E+02-0.674E+02  O.OOOE+OO  O.OOOE+OOABG 

I I. 667  0.21 1E+03-0.566E+02-0.708E+02  O.OOOE+OO  O.OOOE+OOABG 
12.543  0.183E+03-0.574E+02-0.718E+02  O.OOOE+OO  O.OOOE+OOABG 
13.033  0.170E+03-0.597E+02-0.746E+02  O.OOOE+OO  O.OOOE+OOABG 
14.065  0.144E+03-0.599E+02-0.749E+02  O.OOOE+OO  O.OOOE+OOABG 
15.033  0.123E+03-0.625E+02-0.781E+02  O.OOOE+OO  O.OOOE+OOABG 
16.629  0.950E+02-0.618E+02-0.773E+02  O.OOOE+OO  O.OOOE+OOABG 
17.887  0.774E+02-0.629E+02-0.786E+02  O.OOOE+OO  O.OOOE+OOABG 
19.230  0.623E+02-0.626E+02-0.783E+02  O.OOOE+OO  O.OOOE+OOABG 
20.848  0.480E+02-0.576E+02-0.720E+02  O.OOOE+OO  O.OOOE+OOABG 
23.791  0.300E+02-0.599E+02-0.749E+02  O.OOOE+OO  O.OOOE+OOABG 
25.769  0.219E+02-0.602E+02-0.753E+02  O.OOOE+OO  O.OOOE+OOABG 
27.133  0.176E+02-0.574E+02-0.718E+02  O.OOOE+OO  O.OOOE+OOABG 

0.000  0.000  0.000  0.000  0.000  0.000  0 

12  10 

0.000  0.000  0.000  0.000  0.000  0.000 

5000.000  10000.000  12.626 

0 


0.000  0.000 


Bendix  Line  Scanner 

Radiosonde  data  -  (*.rsd) 


0.218 

1028.8 

0.242 

997 

0.29 

990.9 

0.365 

981.6 

0.461 

969.8 

0.767 

933.1 

1.019 

903.8 

1.208 

882.9 

1.516 

850 

1.864 

814.3 

2.113 

789.7 

2.531 

750 

3.085 

700 

3.735 

645 

4.4 

592.7 

4.982 

550 

5.71 

500 

6.834 

430 

7.834 

374.3 

8.892 

321.6 

10.808 

240.8 

11.667 

210.5 

12.543 

183.4 

13.033 

169.7 

14.065 

143.7 

15.033 

123 

16.629 

95 

17.887 

77.4 

19.23 

62.3 

20.848 

48 

23.791 

30 

25.769 

21.9 

27.133 

17.6 

-7.22 

-7.77 

-6.1 

-10.8 

-3.7 

-6.4 

-1.8 

-7.2 

-2 

-9.6 

-3.6 

-9.6 

-0.3 

-18 

3.1 

-17.3 

3.6 

-16.8 

3 

-17.3 

4.2 

-16.6 

2.4 

-17.9 

-0.4 

-20 

-3.9 

-20.7 

-6.6 

-21.2 

-9.8 

-26.5 

-15 

-31 

-22.9 

-35.9 

-30.4 

-40.1 

-39.9 

-49 

-53.9 

-67.375 

-56.6 

-70.75 

-57.4 

-71.75 

-59.7 

-74.625 

-59.9 

-74.875 

-62.5 

-78.125 

-61.8 

-77.25 

-62.9 

-78.625 

-62.6 

-78.25 

-57.6 

-72 

-59.9 

-74.875 

-60.2 

-75.25 

-57.4 

-71.75 

Inframetrics  Camera 
DIRSIG  Batch  File 


#  Set  up  environment  based  on  machine  architecture 

^***:<c:<c***:fc;«c**:4c:*c***:<c  :<(********************♦****************♦***************** 


if  (SHOSTARCH  ==  aux)  then 
setenv  TIMER  /bin/time 
else  if  (SHOSTARCH  ==  alpha)  then 
setenv  TIMER  /bin/time 
else  if  (SHOSTARCH  ==  mips)  then 
setenv  TIMER  /usr/bin/time 
else  if  (SHOSTARCH  ==  paragon)  then 
setenv  TIMER  /usr/bin/time 
else  if  (SHOSTARCH  ==  sun4)  then 
setenv  TIMER  /bin/time 
else  if  (SHOSTARCH  ==  sgi)  then 
setenv  TIMER  /bin/time 
else 

.  echo  ”  " 

echo  "Unsupported  architecture  for  dirsig2.5" 
echo  "  " 
exit 
endif 
endif 

:*c  :*c***:<c  :<c  :4c  :*e****:tc*  ***********  ************=^**’^********  ********  ********* 

#  Current  run  information 

^:4c:(t:4e*********************************************************************** 

setenv  DERSIG^HOME  /dirs/pkg 

setenv  DIRSIG_EMISSIVITY  .. A ./z_materials/emissivity .angular 
setenv  DERSIG.EXTINCTION  ../../z_materials/extinction 
setenv  DIRSIG.TEXTURE  ../../z.materials 
setenv  DIRSIG.TEXTURE.MIN.WAVELENGTH  0.4 
setenv  DIRSIG_TEXTURE_MAX_WAVELENGTH  0.7 

STIMER  /dirs/src/dirsig/src/dirsig/main/dirsig 
12oct.church.adv  \ 

12oct_church.snd  \ 

. ./.  ./z.weather/ 1 2oc  t.hawkey  e.generic .  w  th  \ 
..A./z_materials/hawkeye.optimum,mat  \ 
../../z.scene/inframetrics_church_scene.gdb  \ 

12oct_church.rad  \ 
inframetrics.sen  \ 

12oct_church_final.dat  \ 

>&  12oct_church_final.LOG 


Inframetrics  Camera 

AutoCad  view  files  {^.adv) 


Hawk  eye 
12oct_hawkeye.adv 
2347  1470  450 
1208  1029  497 
2.20-158.83  0.0 
87 

200  256 


Church 

12oct_church.adv 
1350  1110  430 
2346  1433  585 
8.42  17.97  0.0 
90 

256  256 


Inframetrics  Camera 

Scene  node  files  {*.snd) 


Hawkeye 

1 2oct_hawkeye.snd 
0.369 
1 

833.3  1250.0  20 
64.0  112.0  4.0 
10  12  95 
19 
5.0 

43.1833  77.621 


Church 

12oct_church.snd 

0.395 

1 

833.3  1250.0  20.0 

58.0  106.0  4.0 

10  12  95 

19.0 

5.0 

43.1833  77.621 


Inframetrics  Camera 

Sensor  file  (*.sen) 


22 

1 

0 

0.59 

0.68 

0.75 

0.83 

0.895 

0.91 

0.925 

0.94 

0.945 

0.955 

0.96 

0.968 

0.97 

0.975 

0.98 

0.98 

0.99 

1.0 

0.99 

0.95 

0.90 

0.82 


Inframetrics  Camera-  generic  weather  file 

1 2octJiawkeye_generic.wth 


40 

1 

0 

12.78 

102932 

1 

\ISI 

102932 

2 

10.00 

102932 

3 

11.11 

102934 

4 

10.56 

102935 

5 

10J6 

102936 

6 

10J6 

102939 

7 

10.56 

1029.61 

8 

10.00 

1029.62 

9 

11.67 

1029.63 

10 

15.00 

1029.64 

11 

17.22 

1029.64 

12 

19.44 

1029.64 

13 

21.11 

1029.62 

14 

22.78 

102939 

15 

22.78 

102937 

16 

2333 

102936 

17 

22.22 

102936 

18 

21.11 

102936 

19 

1833 

102936 

20 

16.11 

102936 

21 

14.44 

102936 

22 

1333 

102936 

23 

1122 

102936 

24 

11.67 

102935 

25 

11.67 

1029.54 

26 

11.67 

102934 

27 

11.11 

102933 

28 

1036 

1029.52 

29 

1036 

1029.52 

30 

1036 

102932 

31 

1036 

102932 

32 

11.11 

102933 

33 

15.00 

102933 

34 

1833 

102934 

35 

21.67 

102933 

36 

2339 

102932 

37 

25.00 

102932 

38 

26.67 

102930 

39 

26.67 

1029.49 

-I 

9.44 

3.048 

-I 

839 

3.048 

-1 

7.78 

3.048 

-1 

7.78 

2340 

-1 

7.22 

3.048 

-1 

833 

3.048 

-1 

839 

3.048 

-1 

10.00 

1.524 

-1 

9.44 

1032 

-1 

1036 

1540 

-1 

11.11 

4.064 

-1 

11.11 

4.064 

-1 

11.11 

4.064 

-1 

833 

4372 

-1 

833 

5388 

*1 

7.78 

5.080 

-1 

6.11 

7.111 

-1 

7.78 

7.111 

•1 

7.78 

5.080 

-1 

6,67 

1540 

■1 

7.22 

1540 

-1 

7.78 

3.048 

-1 

7.78 

1.524 

-1 

7,78 

1032 

-1 

6.67 

1.524 

•I 

6.67 

1032 

•1 

7.78 

3.556 

■1 

7.22 

3356 

•  1 

6.11 

3.048 

■1 

6.67 

2340 

-1 

536 

3.048 

-1 

6.11 

3.048 

-1 

536 

4.572 

-1 

7.78 

3356 

-I 

833 

3.048 

-1 

9.44 

5388 

-1 

11.11 

5.080 

-1 

11.11 

5.080 

•1 

12.78 

6.095 

-1 

12.22 

6.095 

0.0 

0.0 

0.5 

0.0 

0.0 

0.7 

0.0 

0.0 

0.9 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

733 

104 

1 

81.40 

3.71 

0.9 

85.81 

4.74 

0.9 

88>48 

5.26 

0.5 

89.82 

5.45 

0.4 

89.95 

5.47 

a7 

88.88 

532 

0.9 

8632 

489 

0.9 

8155 

3.98 

0.7 

75,74 

145 

0.5 

54.17 

035 

0.8 

0.0 

0.0 

0.8 

0.0 

0.0 

0.9 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

0.0 

0.0 

1 

73.63 

1.99 

0.9 

81.60 

3.67 

0.9 

86.02 

4,70 

0.9 

88.69 

5.22 

0.9 

90.03 

5.42  » 

1 

90.15 

5.44 

1 

89.07 

538 

1 

86.70 

484 

1 

8181 

3.93 

1 

3 

5 

3 

0 

0 

0 

0 

0 

8 

1 

I 

1 

1 

1 

I 

I 

1 

I 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

1 

I 

1 

1 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 


Inframetrics  Camera 

Modtran  card  deck  {^.cdk) 


7221000000111  0.000  0.00 
5  2  0  1  0  0  32.000  0.000  0.000  0.000  0.218 

19  0  012OCT.RAD 

0.218  0.987E+03  0.267E+02  0.122E+02  O.OOOE+00  O.OOOE+OOABG 
0.545  0.950E+03  0.230E+02  0.900E+01  O.OOOE+00  O.OOOE+OOABG 
1.002  0.900E+03  0.170E+02  0.690E+01  O.OOOE+00  O.OOOE+OOABG 
1.480  0.850E+03  0.106E+02-0.400E+00  O.OOOE+00  O.OOOE+OOABG 

1.982  0.800E+03  0.119E+02-0.144E+02  O.OOOE+00  O.OOOE+OOABG 
2.515  0.750E+03  0.790E+01-0.171E+02  O.OOOE+00  O.OOOE+OOABG 
3.086  0.700E+03  0.460E+01-0.204E+02  O.OOOE+00  O.OOOE+OOABG 
3.669  0.650E+03  0.130E+01-0.234E+02  O.OOOE+00  O.OOOE+OOABG 
4.299  0.600E+03-0.370E+01-0.266E+02  O.OOOE+00  O.OOOE+OOABG 

4.983  0.550E+fl3-0.900E+01-0.301E+02  O.OOOE+00  O.OOOE+OOABG 
5.733  0.500E+03-0.149E+02-0.192E+02  O.OOOE+00  O.OOOE+OOABG 
6.512  0.450E+03-0.204E+02-0.355E+02  O.OOOE+00  O.OOOE+OOABG 
7.383  0.400E+03-0.269E+02-0.419E+02  O.OOOE+00  O.OOOE+OOABG 
8.316  0.350E+03-0.344E+02-0.407E+02  O.OOOE+00  O.OOOE+OOABG 
9.393  0.300E+03-0.421E+02-0.521E+020.000E+00  O.OOOE+OOABG 
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AutoCad  Drawing  Notes 


The  following  guidelines  were  documented  to  help  others  in  drawing  a  complex  scene  and 
using  the  scene  that  was  created  by  myself  and  Russell  White. 

Streets:  When  doing  an  AutoCad  scene  that  involves  streets  and  terrain,  one  should  start 
with  laying  the  foundation  for  the  streets.  Streets  are  relatively  flat  and  the  natural  terrain 
has  been  modified  to  make  the  streets  flat.  Determine  the  elevation  of  the  streets  from 
intersections  of  the  contour  lines  and  the  streets.  If  there  is  a  large  region  where  there  are 
no  intersections,  the  elevation  of  the  street  can  be  estimated.  If  possible,  each  side  of  the 
road  should  be  the  same  elevation  as  this  will  prevent  ‘earthquake  roads’.  Depending  on 
the  resolution,  the  foundation  for  the  streets  should  be  wider  than  the  actual  street  so  that 
sidewalks  can  also  be  placed  into  the  drawing.  Having  a  foundation  with  roads  placed  on 
top  of  the  foundation  will  show  the  grass  between  the  road  and  the  sidewalk  while 
reducing  the  number  of  overall  facets  required  to  create  this  appearance.  In  addition,  at 
the  intersection  of  two  roads,  a  separate  facet  should  be  created  for  the  intersection.  Each 
comer  of  this  facet  will  have  the  same  elevation.  This  will  also  help  prevent  the  uneven  or 
‘earthquake’  roads  mention  earlier.  Once  the  foundation  for  the  roads  has  been  laid, 
streets  can  be  placed  over  the  foundation  of  the  roads. 

Terrain:  Terrain  should  be  added  after  the  roads  have  been  constructed.  Whenever 
feasible,  it  is  best  to  use  polylines  and  mlesurf  to  create  undulating  terrain.  However, 
rulesurf  can  only  be  used  between  two  polylines  that  are  of  similar  length.  If  one  attempts 
to  mlesurf  between  a  long  and  short  line,  facets  can  be  created  that  overlap  on  themselves. 
A  polyline  can  be  used  for  multiple  mlesurf  meshes  by  creating  the  polylines  in  different 
layers  and  alternating  the  state  of  the  layer  (freeze/thaw).  Finally,  if  a  mistake  or  change  is 
needed  within  a  mlesurf,  explode  can  be  used  to  separate  the  mlesurf  into  individual 
facets.  3dfaces  can  then  be  used  in  other  areas  to  fill  in  the  rest  of  the  terrain.  There  may 
be  a  better  method  with  AutoCad  13,  but  this  method  worked  well  for  AutoCad  11. 

Houses:  Generic  houses  can  easily  be  created  and  modified  in  AutoCad.  By  creating 
houses  that  were  approximately  1x1x1,  it  was  then  possible  to  scale  the  houses  to  exact 
dimensions.  When  a  house  was  inserted,  ‘xyz’  scaling  was  selected.  This  allowed  the 
1x1x1  house  to  be  made  the  proper  dimensions  in  the  x  and  y  axes.  The  proper  height  of 
the  house,  depending  on  whether  it  was  a  one  or  two  story  house,  could  then  be  typed  into 
AutoCad.  This  ensured  that  each  house  could  have  different  widths  and  lengths,  but  all 
houses  would  have  similar  heights.  Houses  that  were  not  traditional  or  did  not  fit  the 
models  that  were  developed  could  then  be  created  individually  and  inserted  into  the  scene. 

As  each  house  was  inserted  into  the  scene,  a  list  was  done  on  the  insertion.  This 
showed  the  location,  scaling,  and  rotation  of  the  inserted  object.  This  information  was 
taken  from  AutoCad  and  pasted  into  a  separate  document  using  the  VI  editor.  This 
procedure  was  repeated  for  each  house  in  the  region.  After  all  the  houses  had  been 
inserted  into  the  scene,  the  document  containing  all  the  house  insertion  information  was 


modified  into  an  AutoCad  script  file.  This  allowed  the  region  or  even  a  particular  house 
to  be  changed  in  the  future  without  having  to  manually  reinsert  all  the  houses. 

Object  Creation:  The  scene  was  divided  into  20  different  regions  to  reduce  the  size  of 
the  bounding  volumes.  This  was  also  done  to  reduce  the  run  time  of  DIRSIG.  Another 
useful  tool  in  creating  the  objects  was  the  use  of  script  files.  Script  files  were  used  to 
create  each  of  the  20  regions.  Each  of  the  objects  consisted  of  several  different  parts.  The 
parts  usually  included: 

terrain 

streets 

sidewalks 

houses 

This  allowed  the  scene  and  each  of  the  20  objects  to  be  easily  modified  and  reconstructed 
if  necessary. 

Script  files  were  developed  for  the  creation  of  each  object.  These  script  files 
should  not  have  to  be  modified.  The  only  problem  is  that  the  objects  must  be  created 
using  AutoCad  13.  After  the  object  has  been  assembled  using  the  script  file,  it  must  be 
saved  as  AutoCad  12  format.  This  is  because  there  is  a  memory  problem  with  AutoCad 
13  and  it  cannot  assemble  the  entire  scene  (*this  problem  may  have  been  fixed  but  I 
would  recommend  this  method).  Remember,  the  trees  are  inserted  at  the  scene  level  of 
the  DIRSIG  hierarchy. 

The  object  must  be  recreated  if  any  change  is  made  to  a  part  in  that  object.  This 
includes  changing  the  material  ID  number,  SGP,  or  facet  temperature.  The  material 
parameters  of  any  material  can  be  changed  in  the  material  file  without  having  to  rebuild  the 
scene.  Also,  the  emissivity  curves  can  be  changed  without  having  to  rebuild  the  scene.  In 
particular,  I  created  my  version  of  the  scene  with  10  colored  asphalt  shingles,  10  colored 
wood  sidings,  and  10  colored  bricks.  However,  I  used  the  same  emissivity  file  for  all  these 
materials.  The  visible  portion  of  the  emissivity  curve  can  be  modified  to  produce  different 
colors  in  the  visible  region  of  the  electromagnetic  spectrum  without  any  modifications  to 
the  actual  scene. 

Scene  Creation:  The  final  scene  can  also  be  created  using  script  files.  Each  region  was 
inserted  into  the  scene  as  an  object.  In  addition,  the  Hawkeye  plant  and  the  driving  part 
bridge  were  inserted  into  the  scene  as  objects.  Multiple  trees,  which  were  treated  as 
objects  -  each  individual  tree  representing  one  part,  were  also  inserted  at  the  scene  level. 
The  trees  were  placed  into  script  files  to  allow  for  easy  removal  of  the  trees  from  the 
scene.  This  was  especially  important  since  the  addition  of  trees  greatly  added  to  the 
number  of  facets  in  the  scene. 

Separate  script  files  can  be  created  from  the  original  scene  script  file  if  necessary. 
This  is  important  if  examining  a  small  part  of  the  scene.  A  separate  script  file  can  be 
created  that  does  not  insert  all  the  objects  into  the  scene,  just  the  ones  in  the  desired 


subscene.  This  greatly  reduces  the  run  time  of  DIRSIG.  In  doing  this,  I  recommend 
copying  the  entire  scene  script  file  and  then  deleting  the  objects  from  the  scene  that  you  do 
not  want  inserted.  If  you  retype  the  script  files,  you  usually  end  up  with  a  lot  of  errors  in 
the  script  file.  It  is  much  easier  to  just  delete  lines. 

The  scene  must  be  rebuilt  in  AutoCad  11.  If  the  problem  with  AutoCad  13  that  was 
experience  during  the  scene  creation  is  resolved,  then  AutoCad  1 3  can  be  used  for 
everything. 

General  Drawing  Guidelines:  When  drawing  in  three  dimensions,  it  is  best  to  type  in 
the  coordinates  if  they  are  known.  If  the  coordinates  are  not  exactly  known,  it  is  useful  to 
use  the  ‘  xy’  feature  in  AutoCad  and  then  type  in  the  z  coordinate.  This  ensures  accurate 
drawings  in  three  dimensions.  If  the  ‘.xy’  is  not  chosen,  then  the  z  coordinate  will  be  set 
to  0.0  when  drawing  in  three  dimensions.  In  addition,  when  joining  facets,  the  ‘nea’  and 
‘int’  features  of  AutoCad  ensure  that  there  will  not  be  any  ‘holes’  in  the  resulting  DIRSIG 
scene.  These  features  can  be  set  to  the  default  by  using  the  DOSNAP  feature.  Finally,  it 
is  best  to  use  triangular  facets  if  the  points  are  non-coplanar.  AutoCad  will  make  a  non- 
coplanar  rectangular  facet  into  two  triangular  facets.  This  can  cause  problems  when  trying 
to  lay  objects  on  top  of  the  facet.  As  a  result,  it  is  best  to  make  the  facet  triangular  when 
you  do  the  initial  drawing. 

When  drawing  complex  objects,  it  is  best  to  draw  the  objects  using  different  layers. 
Each  complex  piece  of  an  object  is  a  part.  Each  part  should  be  the  same  material  type. 

This  allows  for  easy  material  selection  and  modification  at  later  times.  After  the  entire 
object  is  finished  and  each  part  is  represented  by  a  different  layer,  use  the  ‘Write  blocks’ 
feature  in  AutoCad  to  make  each  layer  a  separate  file.  This  method  of  drawing  complex 
objects  reduces  the  chances  of  holes  or  problems  when  joining  the  parts. 

DVIEW:  When  using  DVIEW  in  AutoCad,  select  only  the  boundaries  of  the  scene,  or  a 
sample  of  objects  in  the  desired  scene.  Selecting  all  objects  in  a  scene  makes  it  difficult  for 
AutoCad  to  redraw  the  scene.  It  will  often  crash  as  it  runs  of  memory. 

A  major  problem  arose  when  using  DVTEW.  If  the  camera  and  targets  points  were 
typed  into  the  scene,  DVIEW  would  sometimes  provide  camera  angles  that  were 
incorrect.  It  is  not  possible  to  rotate  the  camera  upside  down,  or  invert,  in  DVIEW.  The 
DVIEW  camera  is  always  upright.  However,  if  the  ‘points’  are  typed  in,  recording  the 
camera  angles,  DVIEW  will  provide  you  with  camera  angles  that  are  upside  down.  The 
result  is  a  scene  that  does  not  appear  as  it  does  in  DVIEW.  The  solution  is  to  slightly  alter 
the  camera  angle  when  typing  in  ‘camera  angles’.  This  will  flip  the  camera  upright  and 
provide  the  appropriate  view  point.  This  problem  is  illustrated  in  the  following  picture. 
The  z  axis  is  coming  out  of  the  page.  The  inverted  camera  position  is  when  the  camera 
angles  must  be  modified  slightly  in  DVIEW. 


X 


Inverted  Camera 
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Also,  remember  to  type  ‘distance’  when  using  DVIEW  to  see  the  appropriate  view  of  the 
scene.  You  must  make  sure  the  zoom  is  correct.  Otherwise,  the  field  of  view  will  not  be 
correct.  As  a  final  note,  the  field  of  view  in  DVIEW  is  smaller  than  in  the  DBRSIG 
rendering.  As  a  result,  you  will  see  more  in  the  DIRSIG  output  than  what  you  thought 
when  the  parameters  were  selected  in  DVIEW. 

Converting  to  DIRSIG  format:  Make  sure  that  the  -c  option  is  used  when  building 
a  complex  scene  that  has  facets  that  are  noncoplanar.  The  -c  option  will  break  the 
facet  up  into  two  triangular  facets.  The  division  of  the  facet  seemed  randorrt  and  was 
difficult  to  predict  within  AutoCad.  It  may  be  necessary  to  create  only  triangular  facets 
when  doing  objects  such  as  terrain  to  avoid  having  to  convert  the  facets.  In  addition,  this 
increases  the  number  of  facets  in  the  scene  and  should  be  considered  if  one  is  close  the 
maximum  number  of  allowable  facets  because  of  memory  limitations.  This  became  a  key 
consideration  when  drawing  the  trees.  All  trees  were  made  of  triangular  facets  to  avoid 
problems  when  rotating  or  scaling  a  tree  which  could  make  a  4  sided  facet  noncoplanar. 

Problems:  The  scene  that  I  created  must  be  converted  from  AutoCad  format  to  DIRSIG 
format  using  translate.  In  addition,  the  DONORMS  feature  that  has  been  added  to 
AutoCad  will  not  work  with  the  scene  that  I  created.  If  you  want  to  put  a  new  building 
into  the  scene  or  modify  the  normals  of  an  existing  part,  you  must  do  it  manually.  The 

automated  DONORMS  feature  is  not  compatible  with  translate. 

Hopefully,  these  notes  will  make  it  easier  for  those  using  the  scene  that  we  created  easier 
to  use  and  help  future  people  using  DIRSIG  to  develop  scenes. 


Using  the  Scene 


These  notes  are  for  those  people  using  the  Hawkeye  scene.  They  may  be  a  little  cryptic, 
but  they  are  only  meant  for  people  experienced  in  the  use  of  DIRSIG. 

Weather  files:  Several  weather  files  were  created  during  this  validation.  They  are 
referred  to  in  a  specified  manner.  The  date  that  the  weather  file  is  valid  is  listed  first.  The 
10  November  1991  data  was  cold,  -5°C,  clear,  and  calm.  The  12  October  1995  data  was 
warm,  26°C,  clear,  and  calm.  The  exact  format  of  the  weather  files  is  found  in  the 
DIRSIG  User’s  Manual  or  Tutorial. 

1  Onov  hawkeye _optimum.  wth 
I  Onov  hawkeye  ^eneric.wth 
1 2oct_hawkeye_generic.wth 

Radiance  files:  These  are  the  outputs  from  Modtran,  based  on  the  card  deck  and  the 
scene  node  file.  Any  time  that  the  scene  node  file  is  changed,  the  radiance  file  must  be 
recreated.  This  includes  changes  in  the  imaging  time,  wavelength  increments,  or  altitude. 
As  an  additional  area  of  concern,  the  radiance  file  must  be  referenced  when  creating  the 
sensor  responsivity  file.  The  sensor  responsivity  file  must  match  the  wavelengths  for 
which  the  radiance  data  is  generated.  The  radiance  is  not  in  equal  wavelengths,  but  equal 
wavenumbers. 

Errors  sometime  occur  from  the  radiance  file  if  the  incremental  angle  for  the  sensor 
field  of  view  does  not  closely  fall  near  the  maximum  field  of  view  angle.  To  solve  this 
problem,  the  field  of  view  within  the  *  .snd  file  must  be  fixed.  Simply  increase  or  decrease 
the  field  of  view  angles  so  that  the  maximum  value  falls  at  a  field  of  view  increment.  The 
easiest  thing  to  do  is  use  whole  numbers  and  increase  the  minimum,  maximum,  or  both 
field  of  view  angles  to  achieve  a  whole  number  of  increments.  For  example,  if  the  field  of 
view  angles  are  -4.0  and  43.0,  increase  the  angles  to  -4.0  and  44.0.  Then,  use  an 
incremental  angle  of  4,  6,  or  8.  This  will  eliminate  the  problem. 

GDB:  When  creating  scenes,  it  is  sometimes  best  to  create  smaller  GDB  files  that  only 
contain  the  regions  that  are  field  of  view.  This  greatly  reduces  the  run  times  of  DIRSIG. 
For  example,  the  Infi'ametrics  Hawkeye  scene  only  contained  regions  23,  24,  33,  34,  43, 
and  44.  This  reduced  the  size  of  the  GDB  by  more  than  !4.  In  addition,  it  is  sometimes 
best  to  create  the  scene  without  the  use  of  the  trees.  Simply  do  not  include  the  tree 
references  in  the  scene  script  file  if  they  are  not  needed. 

Because  Jim  Salicain’s  Hawkeye  building  was  not  rebuilt,  it  was  necessary  to 
modify  the  GDB  file  after  the  translation.  The  temperature  of  the  concrete  tower  had  to 
be  reduced.  The  concrete  tower  was  set  to  350°  and  needs  to  be  changed  so  that  THERM 
calculates  the  temperature  (there  are  128  substitutions).  Within  vi,  type  the  following 
command; 


:%s/^350$/-l/gc 


The  temperature  of  the  vent  in  Hawkeye  also  needed  to  be  changed.  It  was  set  to  320° 
but  should  be  calculated  by  THERM.  Within  vi,  type  the  following  command; 

:%s/^320$/-l/gc 

The  roof  of  Hawkeye  also  had  to  be  modified  because  one  the  material  attributes  was 
assigned  incorrectly.  The  material  should  be  roof  gravel,  but  it  was  assigned  concrete.  In 
vi,  do  a  search: 

:/BLDG12_lO 

This  facet’s  material  ID  number  needs  to  be  changed  from  6  to  12. 

Batch  files:  Batch  files  were  used  to  run  all  DIRSIG  scenes.  Within  the  batch  files,  the 
reference  files  needed  to  run  DIRSIG  are  defined.  These  were  all  established  using 
absolute  paths.  If  the  directories  are  moved  around,  the  batch  files  must  be  modified. 

Radiosonde  data:  This  information  was  obtained  from  actual  data.  It  should  not  have  to 
be  modified.  The  radiosonde  data  is  corrected  for  local  surface  conditions  at  the  imaging 
time. 

Scene  node  file:  Various  scene  node  files  were  created  for  use  with  the  DIRSIG  scene. 
These  are  all  listed  later.  Remember  that  any  change  in  the  scene  node  file  requires 
rebuilding  the  radiance.  If  the  field  of  view  is  too  large  or  too  small,  the  focal  length  of 
the  camera  can  be  changed  within  the  *.adv  files.  Changing  the  focal  length  does  not 
require  a  change  in  the  scene  node  file  or  the  radiance  file.  Also,  remember  to  choose  the 
field  of  view  angles  to  prevent  problems  with  the  radiance  file. 

AutoCad  view  file:  The  AutoCad  view  files  contained  the  camera  point,  targets  points, 
and  camera  angles  for  various  Hawkeye  scenes.  The  resolution  of  the  DIRSIG  scene  is 
also  contained  in  this  file.  The  resolution  can  be  changed  without  affecting  any  other 
DIRSIG  input  files.  The  AutoCad  view  files  that  were  used  in  the  validation  are  listed 
later. 

Line  Scanner  files:  The  line  scanner  requires  more  inputs  than  the  pinhole  camera;  the 
platform  specification,  motion  profile,  and  modeling  files  are  all  needed.  Because  the 
sensor  geometry  effects  have  not  been  fully  incorporated  into  DIRSIG,  a  special  version 
was  created  for  the  validation.  There  was  a  problem  getting  the  appropriate  field  of  view 
and  resolution  using  the  actual  motion  profile  data.  Therefore,  a  simple  motion  profile 
was  created.  In  order  to  determine  the  resolution,  speed  of  the  plane,  and  scan  rate,  some 
simple  equations  and  knowledge  of  the  scene  were  required. 

The  first  step  is  to  determine  the  desired  resolution.  In  the  validation,  a  512x5 12 
image  was  created.  Then,  figure  out  the  ground  distance  that  this  resolution  must  cover. 
For  the  entire  scene,  this  distance  is  approximately  3500  ft  (see  the  drawing  on  the  next 
page  for  more  information).  Convert  this  distance  into  meters  and  divide  by  the  speed  of 
the  plane.  The  speed  of  the  plane  should  be  the  actual  speed  of  the  plane  in  m/s  or  an 
arbitrary  value  can  be  used  if  necessary.  The  speed  of  the  plane  is  a  constant  that  is  used 


to  determine  the  other  values.  Therefore,  any  reasonable  value  can  be  chosen.  The  result 
is  a  time  to  cover  the  ground  distance.  Divide  this  time  by  the  desired  resolution  (512). 
This  provides  the  time  per  scan.  The  inverse  of  this  number  is  the  scan  rate  needed  in  the 
DIRSIG  files. 

Required  Values:  Desired  resolution  in  flight  path  direction  (pixels) 

Speed  of  Plane  (m/s) 

Ground  Distance  (m) 

Calculated  Values:  Ground  Distance  (ft)  =>  Ground  Distance  (m) 
Ground  Distance  (m)/Speed  of  Plane  (m/s)  =>  Total  Flight  Time  (s) 

Total  Flight  Time  (s)/Resolution  (pixels)  =>  Time  per  pixel  (s) 

1/Time  per  pixel  (s)  =>  Scan  Rate 

The  other  parameters,  focal  length  and  scanner  duty  cycle  are  taken  from  the  actual 
Bendix  Line  Scanner.  The  other  input  files  are  essentially  the  same  as  the  pinhole  camera. 
The  AutoCad  dview  file  provides  the  center  points  for  the  line  scanner.  It  should  be 
selected  the  same  as  one  would  do  for  the  pinhole  camera.  Although,  the  field  of  view 
will  be  larger  with  the  line  scanner.  In  addition,  the  focal  length  in  the  AutoCad  dview  file 
is  replaced  with  the  data  from  the  line  scanner  files.  Hopefully,  this  provides  a  little 
documentation  to  obtaining  an  image  using  the  line  scanner. 

AutoCad  Drawings:  There  are  numerous  AutoCad  drawings  used  in  the  creation  of  the 
scene.  These  drawings  should  not  have  to  be  altered.  The  only  thing  that  might  be 
required  is  the  changing  of  the  material  assigned  to  a  facet.  This  can  be  accomplished 
using  the  pick  routine.  The  facet  normals  should  not  have  to  be  modified,  but  if  they  do, 
using  the  old  DIRSIG  routines.  The  new  addnorms  feature  does  not  work  with  the  old 
translate.  The  drawing  below  shows  the  approximate  coordinates  of  the  AutoCad  scene. 
This  is  especially  useful  when  using  the  line  scanner  and  determining  ground  resolution  of 
the  DIRSIG  imagery. 
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Appendix  D 


Material  Files 

Generic 

Optimum 

Angular  Emissivity  Factor 


# 

#  FILE  TYPE:  DIRSIG  Materials  file 

#  CREATEOR;  'conven.maierials'  utility 

#DATE  Wed  Oct  4  12:37:27  EDT  1995 

#  NOTES:  Entries  can  be  arranged  in  any  order 

#  Tags  within  any  entry  can  be  in  any  order 

#  A  minimal  set  of  tags  arc  required  (sec  below) 

# 


#  Required  Tags: 


# 

# 

# 

# 

# 

# 

# 

# 

# 

# 

# 

# 

# 

# 

# 

# 


material_entry_begin 

MATERIAL_NAME 

MATERIAL_ID 

SPECIHC.HEAT 

THERMAL.CONDUCnVTTY 

MASS.DENSITY 

SPECULARITY 


start  an  entry 
name  of  the  material 
#ID  of  the  material 
specific  heal 
thermal  conductivity 
mass  density 

specularity  of  the  material  surface 
0.0  =  100%  diffuse  and  1.0  =  100%  specular 
VISIBLE_EMISSIVITY  solarAncidcnt  cmissivity 


THERMAL.EMISSIVITY 
EXPOSED.  AREA 
OPTICAL.DESCRIPTION 

EMISSrVTTY.FILE 

MATERIAL.ENTRY.END 


thermal/exii  emissiviiy 
DCS/THERM  surface  area  term 
OPAQUE  UNIFORM.TRANSMa^SION,  or 
NONUNIFORM.TRANSMISSION 
name  of  cmissivity  file 
end  of  entry 


#  Optional/Addiiicaial  Tags: 

#  EXTINCTION.FILE 

#  TEXTURE.FILE 

#  USE.GAUSSIAN.TEXTURE 

# 

# 

#  New  material  organization  and  development 


cxticlion  file  -  required  for  transmission 
name  DIRSIG  Texture  Image  file  for  material 
flag  to  generate  gauss ian  texture 
(default  is  FALSE) 

for  Hawkeye  scene 


# - - - 

#  Building  Construction  Materials 

#  - 

MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  roof  .aluminum 
MATERIAL.ID  -  50 
SPECinC.HEAT  =  0.55 
THERMAL.CONDUCriVrrY  =  1909 
MASS.DENSITY  =  1.00 
SPECULARITY  =0.30 
VISEBLE.EMISSIVrrY  =  0.5 
THERMAL.EMISSIVITY  =  0.72 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  0.275 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSrVTTY.FILE  =  roof.aluminum.ems 
EXTINCTION.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  roof  .gravel 
MATERIAL.ID  =  12 
SPECinC.HEAT  =  0,35 
THERMAL.CONDUCTIVrrY  =12.1 
MASS_DENSrrY  =  1.00 
SPECULARITY  =  0.30 
VISIBLE  .EMISSIVITY  =  0.80 
THERMAL.EMISSIVITY  =  0.90 
EXPOSED.AREA  =  -0.5 
THICKNESS  =6.00 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY  .FILE  =  roof.gr  a  vci.ems 
EXTINCnON.nLE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERUL  ENTRY  BEGIN 
MATERIAL.NAME  =  waU  concrete 
MATERIAL  ID  =  53 
SPECinC.liEAT  =  0.3105 
THERMAL.CONDUCTIVrrY  =  15.48 
MASS.DENSITY  =  1.00 
SPECULARITY  =  0.30 
VISIBLE.EMISSIvnT  =  0.725 
THERMAL.EMISSIVITY  =  0.925 
EXPOSED.AREA  =  -0.5 
THICKNESS  =  6.0 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wall.concrcte.ems 
EXTINCTION.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wmdow.glass 
MATERIAL.ID  =  54 
SPECIFIC  HEAT  =  0.3505 
THERMAL.CONDUC'HVrrY  =  12.0 
MASS.DENSITY  =  1,00 
SPECULARITY  =0.30 
VISIBLE  .EMISSIVITY  =  0.7 
THERMAL.EMISSIVITY  =  0.87 
EXPOSED.AREA  =  -0.4 
TITICKNESS  =  0.525 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  window  .glass.ems 
EXTINCTION.nLE  = 

TEXTURE.FILE  = 

USE  GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  roof  .steel 
MATERIAL.ID  =  52 
SPECmC.HEAT  =  0.825 
THERMAL.CONDUCTIVrrY  =  51 1.5 
MASS.DENSITY  =  1.00 
SPECULARITY  =0.30 
VISIBLE.EMISSIVITY  =  0.825 
THERMAL.EMISSIVITY  =  0.79 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  0.4 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSrVrTY.FILE  =  roof.steelems 
EXTINCmON.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY  .BEGIN 

MATERIAL.NAME  =  roof.asphaii.shingies.color 

MATERIAL  ID  =60 

SPECinCJ^T  =  0.3575 

THERMAL.CONDUCTIVrrY  =6.145 

MASS.DENSITY  =  l.OO 

SPECULARITY  =0.10 

VISIBLE.EMISSIVITY  =0.73 

THERMAL.EMISSIVITY  =  .91 

EXPOSED.AREA  =  -0.4 

THICKNESS  =  0.85 

OPTICAL.DESCRIPTION  =  OPAQUE 

EMISSIVITY.FILE  =  roof  asphlai.shingles.color.cms 

EXnNCnON.RLE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL_ENTRY_BEGIN 

MATERIAL_NAME  ==  roof_asphali_shuigles_color 

MATERIALJD*61 

SPECinC.HEAT  =  0.3575 

THERMAL.CONDUCnVTTY  =  6. 145 

xVIASS_DENSITY=  1.00 

SPECULARITY -0.10 

VISIBLE_EMISSIVITY  =  0.76 

THERMAL.EMISSIVITY  -  .91 

EXPOSED_AREA=-0.4 

THICKNESS  «  0.85 

OPnCAL_DESCRIPTION  =  OPAQUE 

EMISSIVTrY_FILE  -  roof_asphlai_shingles  color.ems 

EXTINCnON_FILE  = 

TEXTURE^FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY„END 


MATERIAL.ENTRY^BEGLN 

MATERIAL  NAME  -  rooi'_asphali_shunglfcs  cjior 

MATERIALJD  =  66 

SPECinC.HEAT  =  0.3575 

THERMAL  CONDUCTIVrrY  =  6.145 

MASS.DENSITY- 1.000 

SPECULARITY  =0.10 

VlSIBLE„EMlSSIVnT  =  0.89 

THERMAL^EMISSIVITY  =  .91 

EXPOSED_AREA  =  *0.4 

THICKNESS  =  0.85 

OPTICAL.DESCRIPTION  =  OPAQUE 

EMISSIVITY_FILE  =  rcwf  asphlai_shingles_color,ems 

EXTINCTION.nLE  = 

TEXTURE.HLE  = 

USE_GAUSSIAN^TEXTURE  =  FALSE 
MATERIAL„ENTRY_END 


MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  roof_asphalt„shmgics_color 
MATERIALJD  =  62 
SPECIHC.HEAT  =  0.3575 
THERMAL^CONDUCnVITY  =  6.145 
MASS_DENSITY  =  1.000 
SPECULARITY  =  0.10 
VISIBLE_EMISSIVITY  =  0.78 
THERMAL_EMISSIVITY  =  .91 
EXPOSED„AREA  =  -0.4 
THICKNESS  =0.85 
OPTICAL^DESCRIPTION  =  OPAQUE 
EMISSIVITY_,FILE  =  roof_asphiai_shingles_coior.cms 
EXTINCTION_HLE  = 

TEXTURE„HIJE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL„ENTRY_END 


xMATERIAL_ENTRY_BEGIN 

MATERIAL_NAME  =  roof_asphait_shingles_coior 

MATERIALJD  =  63 

SPECIHC^HEAT  =  0.3575 

THERMAL.CONDUCnVTTY  =6.145 

MASS_DENSITY  =  1 .00 

SPECULARITY  =0.10 

VISIBLE_EM1SSIVITY  =  0.81 

THERMAL^EMISSIVrrY  =  .91 

EXPOSED.AREA  =  -0.4 

THICKNESS  =  0.85 

OPTICAL.DESCRIPTION  =  OPAQUE 

EMISSIVITY_FILE  =  roof_asphlat_shingles_coior.ems 

EXTINCTION_nLE  = 

TEXTURE  _nLE  = 

USE_GAUSSIAN„TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENTRY_BEGIN 

MATERIAL_NAME  =  roof_asphalt_shingies_color 

MATERIALJD  =  64 

SPECinC_HEAT  =  0.3575 

THERMAL.CONDUCTIVTTY  =  6.145 

MASS_DENSrrY  =  1.000 

SPECULARITY  =0.10 

VISIBLE_EMISSIVITY  =  0.83 

THERMAL_EMISSrVITY  =  .91 

EXPOSED_AREA  =  -0.4 

THICKNESS  =  0.85 

OPnCAL_DESCRIPTION  =  OPAQUE 

EMISSrvrTY_FILE  =  roof_asphlat_shingles_coior.ems 

EXTINCTION.nLE  = 

TEXTURE.FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 

MATERIAL_ENTRY_BEGIN 

MATERIAL_NAME  =  roof_asphalt_shiiigles_color 

MATERIAL  ID  =  65 

SPECinC_I^T  =  0.3575 

THERMAL.CONDUCTIVITY  =6.145 

MASS_DENSnT  =  1.000 

SPECULARITY  =0.10 

VISIBLE_EMISSIVITY  =  0.86 

THERMAL_EMISSIV1TY  =  .91 

EXPOSED.AREA  =  -0.4 

THICKNESS  =  0.85 

OPTICAL.DESCRIPTION  =  OPAQUE 

EMISSIVITY_FILE  =  roof_asphiat_shinglcs_color.ems 

EXTINCnON_nLE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 

material_entry_end 


MATERIAL_ENTRY_BEGIN 

NiATERIAL_NAME  =  roof_asphali_shingies_coior 

MATERIALJD  =  67 

SPECinC_HEAT  =  0.3575 

THERMAL^CONDUCnVITY  =  6. 145 

MASS.DENSITY  =  1.000 

SPECULARITY  =0.10 

VISIBLE.EMISSIVITY  =0.91 

THERMAL_EMISSIVITY  =  .91 

EXPOSED_AREA  =  -0.4 

THICKNESS  =  0.85 

OPTICAL^DESCRIPTION  =  OPAQUE 

EMISSrvnT  FILE  =  roof_asphlai_shingles  color.ems 

EXTINCnON^HLE  = 

TEXTURE.FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY„END 


MATERIAL_ENTRY_BEGIN' 

MATERIAL_NAME  =  roof  asphali  shingles  color 

MATERIALJD  =68 

SPECinC_lLEAT  =  0,3575 

THERMAL_C0?<DUCTIVTTY  =6.145 

MASS^DENSITY  =  1.00 

SPECULARITY  =0.10 

VISIBLE  EMISSIVITY-0.93 

THERMAL_EMISSrVl'rY  =  ,91 

EXPOSED  AREA  =-0.4 

THICKNESS  =  0.85 

0PTICAL_DESCRIR'I0N  =  OPAQUE 

EMISSIVITY^FILE  =  roof  asphlat_shingies_color.ems 

EXTINCnON.nLE  = 

TEXTURE_nLE  = 

USE.GAUSSIAN  J-EXTURE  =  FALSE 
MATCRIAL_ENTRY  END 


MATERIAL_ExNTR  Y  _B  EGIN 

MATERIAL_NAME  =  roof_asphalt_shingies_color 

MATERIALJD  =  69 

SPECinC_HEAT  =  0.3575 

THERMAL_CONDUCnvrrY  =6.145 

MASS_DENSITY  =  1.000 

SPECULARITY  =0.10 

VISIBLE_EM1SSIV1TY  =  0.95 

THERMAL.ExMISSrVlTY  =  .91 

EXPOSED_AREA  =  -0.4 

THICKNESS  =0.85 

OPTICAL.DESCRIPTION  =  OPAQUE 

EMISSIVITY_FILE  =  roof_asphlai_shingles_color.ems 

EXTINCTION_FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MA'nERIAL_ENTRY_END 

MATERIAL_ENTR  Y  _BEGIN 
MATERIAL^NAME  =  wall_brick_color 
MATERIALJD  =  70 
SPECinC.HEAT  =  0.2818 
THERMAL.CONDUCnVTTY  =  5.935 
MASS  DENSITY  -  1,0 
SPECULARITY  =0.10 
VISIBLE  EMJSSIVITY  =  0.65 
THERMAL.EMISSIVI'I'Y  =  .93 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  10.0 
OPTICAL.DESCRIPnON  =  OPAQUE 
EMISSIVITY_FILE  =  waiJ_brick  color.ems 
EXTINCnON^HLE  = 

TEXTURE  ^FILE  = 

USE^GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


material.entry.begin 

MATERIAL_NAME  =  wall_brick_color 
MATERIAL  ID  =  71 
SPECinC_HEAT  =  0.2S18 
THERMAL„CONT)UCrrVITY  =  5.935 
MASS_DENSITY  =  I.O 
SPECULARITY  =0.10 
VISIBLE  _EMISSIVITY  =  0.68 
THERMAL_EMISSIVITY  =  .93 
EXPOSED  AREA  =  -0.4 
TfflCKNESS  =  10.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  wail_brick_color.ems 
EXTINCnON_FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  wail_brick_color 
MATERIALJD  =  72 
SPECinC.HEAT  =  0.2818 
THERMAL.CONDUCnVTTY  =  5.935 
MASS_DENSITY  =  1.0 
SPECULARITY  =0.10 
VISIBLE  _EMISSrVITY  =  0.71 
THERMAL_EMISSIVITY  =  .93 
EXPOSED.AREA  =  -0.4 
TfflCKNESS  =  10.0 
OPnCAL_DESCRlPnON  =.  OPAQUE 
EMISSIVTTY.FILE  =  wail_brick_color.cms 
EXTINCnON.HLE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MAT1ERIAL_ENTRY_END 


MATERIAL.ENTRY  .BEGIN 
MATERIAL.NAME  =  wall.brick  .color 
MATERIALJD  =73 
SPECIHC_HEAT  =  0.2818 
THERMAL.CONDUCnVTTY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.10 
VISIBLE.EMISSrvrrY  =  0.74 
THERMAL.EMISSrVITY  =  .93 
EXPOSED.AREA  =  -0.4 
TfflCKNESS  =  10.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wail.brick.color.ems 
EXTINCTION.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wall.brick. color 
MATERIALJD  =74 
SPECinC.HEAT  =  0.28 1 8 
THERMAL.CONDUCnVTTY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.10 
VISIBLE.EMISSIVITY  =  0.77 
THERMAL.EMISSrVITY  =  .93 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  10.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVTTY.FIUE  =  wail.brick.color.ems 
EXTINCTION.FILE  = 

TEXTURE.nLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 

MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wail  bnck .color 
MATERIAL.ID=75 
SPECinC.HEAT  =  0.28 1 8 
THERMAL.CONDUCnVITY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.10 
VISIBLE.EMISSIVITY  =  0.8 
THERMAL.EMISSrVITY  =  .93 
EXPOSED.AREA  =  -0.4 
TfflCKNESS  =  10.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wail.brick.color.ems 
EXTINCnON_nLE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wall.brick.color 
MATERIALJD  =  76 
SPECinC.HEAT  =  0.28 1 8 
THERMAL.CONDUCnVTTY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.10 
VISIBLE.EMISSIVITY  =  0.83 
THERMAL.EMISSrVITY  =  .93 
EXPOSED.AREA  =  -0.4 
TfflCKNESS  =  1 0.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wail.brick.color.ems 
EXnNCnON.HLE  = 

TEXTURE.RLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wall.brick.color 
MATERIALJD  =77 
SPECIFIC  I-[EAT  =  0.2818 
THERMAL.CONDUCnVTTY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.10 
VISIBLE.EMISSIVITY  =0.86 
THERMAL.EMISSrVITY  =  ,93 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  10.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wail.brick.color.ems 
EXTINCTION.FILE  = 

TEXTURE.HLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY  END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wall.brick.color 
MATERIALJD  =  78 
SPECinC.HEAT  =  0.28 1 8 
THERMAL.CONDUCTIVTTY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.89 
THERMAL.EMISSrVITY  =  .93 
EXPOSED.AREA  =  -0.4 
TfflCKNESS  =  10.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wail.brick.color.ems 
EXTINCnON.nLE  = 

TEXTURE.RLE  = 

USE.GAUSSIAN  TEX'IURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY  .B  EGLN 
MATERIAL.NAME  =  wall.brick  color 
MATERIAL  ID  =79 
SPECinC.HEAT  =  0.2818 
THERMAL.CONDUCTIVriY  =  .5.935 
MASS.DENSITY  =  1.0 
SPECUTARITY  =0.10 
VISIBLE.EMISSIVrrY  =  0.92 
THERMAL.EMISSIVITY  =  .93 
EXPOSED  AREA  =  -0.4 
THICKNESS  =  10.0 
OPTICAL.DESCRIRTION  =  OPAQUE 
EMISSIVITY  FILE  =  waU.bnck.color.ems 
EXTINCTION.nLE  = 

TEXTURE.nLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 

MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  waU.brick  hawk.reci 
MATERIALJD  =  90 
SPECinC.HEAT  =  0.2818 
THERMAL.CONDUCTIVTTY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.10 
VISIBLE.EMISSrVlTY  =  0.92 
THERMAL.EMISSIVITY  =  .93 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  10.0 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wail.brick.color.ems 
EXTINCTION  .HLE  = 

TEXTURE.nLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL_ENTRY_BEGL\ 
MATERIAL_NAME  =  wall_brick_hawk_crcam 
MATERIAL_ID  =  15 
SPECinC_HEAT  =  0.2818 
THERMAL.CONDUCnVTTY  =  5.935 
MASS_DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE_EMISSIVITY  =  0.92 
THERMAL_EMISSIVITY  =  .93 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  10.0 
OPTICAL_DESCRIPnON  =  OPAQUE 
EMISSIVTTY_FILE  =  wail_brick„color.cms 
EXTINCnON_nLE  = 

TEXTURE_FILE  = 

USE„GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


material_entry_begin 

MATERIAL„NAME  =  wall_brick_hawk_church 
MATERIAL_ID  =  92 
SPECIHC_HEAT  =  0.2818 
THERMAL.CONDUCnVTTY  =  5.935 
MASS_DENSITY  =  1.0 
SPECULARITY -0.10 
VISIBLE_EMISSIVITY  =  0.92 
THERMAL_EMISSrVITY  =  .93 
EXPOSED_AREA  -  -0.4 
THICKNESS  =  lO.O 
OPnCAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_F1LE  =  wall_brick_color.ems 
EXTINCTION_nLE  - 
TEXTURE.FILE  - 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENTRY„BEGIN 
MATERIAL_NAME  =  waU_wood_color 
MATERIALJD  =  80 
SPECinC_HEAT  =  0.5124 
THERMAL^CONDUCnVlTY  =  0.98 
MASS_DENSITY=  l.O 
SPECULARITY  =0.15 
VISEBLE.EMISSIVITY  =  0.7 
THERMAL.EMISSIVITY  =  0.865 
EXPOSED_AREA=-0.4 
THICKNESS  =  4.5 

OPTICAL_DESCRIPTION  =  OPAQUE 
EMISSIVrTY_FILE  =  wall_woo<i_color.ems 
EXTINCTION_HLE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN„TEXTURE  =  FALSE 
MATERIAL_^NTRY_END 


MATERIAL_ENTRY  .BEGIN 
MATERIAL.iVAiME  =  wall.  wood. color 
MATERIALJD  =  81 
SPECinC_HEAT  =  0.5124 
THERMAL.CONDUCTIvrrY  =  0.98 
MASS_DENSITY  =  1.0 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =  0.72 
THERMAL.EMISSIVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  4.5 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVTTY.FILE  =  wall  .wood  color.ems 
EXTINCTION.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 

MATERIAL_ENTRY_BEGIN 
MATERIAL.NAME  =  wail  .wood. color 
MATERIALJD  =  82 
SPECinC_HEAT  =  0.5l24 
THERMAL.CONDUCnVTTY  =  0.98 
MASS_DENSITY  =  1.0 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =  0.74 
THERMAL.EMISSIVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
TWrrKNTSS  -  4  5 

OPTICAL.De'sCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wall  .wood .color.ems 
EXTINCnON.nLE  = 

TEXTURE.HLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTTIY.END 


.MATERIAL.E.NT'R  Y  _B  EGLN 
MATERlAL.NAME  =  wall  wood  color 
MATERIAL  ID  =83 
SPECinC.MEAT- 0.5124 
THERMAL.CONDUCTIVITY  =  0.98 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =0.76 
THERMAL.EMISSrVlTY  =  0.865 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  4.5 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wall.wood.color.cms 
EXTINCTION.FILE  = 

TEXTURE.FIIJE  = 

USE.GAUSSIAN.TEXTURE  -  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY  .BEGIN 
M^^TERIAL.NAME  =  wall  .wood  color 
MATERIALJD  =84 
SPECIHC.HEAT  =  0.5124 
THERMAL.CONDUCTIVITY  =  0.98 
MASS.DENSITY  -  l.O 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =  0.78 
THERMAL.EMISSIVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  4.5 

OPTICAL  .DESCRIPTION  =  OPAQUE 
EMISSIVITY  FILE  =  wall  wood  color.ems 
EXTINCnONl  RLE  = 

TEXTLTRE  JILE  = 

USE  GAUSSIAN  TEXIVRE  =  I'ALSE 
MAfERlAL.EN'rRY  END 


MATERIAL.ENTRY  .B  EGLN 
MATERlAL.NAME  =  wall  wo(xi .color 
MATERIAL  JD  =  85 
SPECinC.HEAT  =  0.5124 
THERMAL.CONDUCTIVITY  =  0.98 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.15 
VISIBLE  EMISSIVITY  =  0.80 
THERMA'L.EMISSrVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  4.5 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wall.wood.color.cms 
EXTINCnON.FILE  = 

TEXTURE  .FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL  ENTRY.END 


MATERIAL.ENTRY  .BEGIN 
MATERlAL.NAME  =  wall. wood  color 
MATERIALJD  =  86 
SPECinC.HEAT- 0.5124 
THERMAL.CONDUCTIVITY  =  0.98 
MASS.DENSITY  =  1 .0 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =  0.82 
THERMAL.EMISSIVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
THICKNTSS  =  4.5 

OPTICA  L.DESCRlPnON  =  OPAQUE 
EMISSIVn’Y  I'U.E  -  wall  wood  color.ems 
EXTINCnON  FILE- 
TEXTURE  RLE  = 

USE.GAUSSIAN  TEXIURE  =  FALSE 
MATERIAL.ENTRY  END 

MATERIAL.ENTRY  ,BEGLN 
MATERIAL  NAME  =  wall _  wood. color 
MATERIALJD  =  87 
SPECIRC  HEAT  =  0.5124 
THERMAL.CONDUCDVrrY  =  0.98 
MASS.DENSITY  =  1.0 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =0.84 
THERMAL.EMISSrVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  4.5 

OPTICAL.DESCRimON  =  OPAQUE 
EMISSIVITY.FILE  =  wall.wood  color.ems 
EXTINCTION  RLE- 
TEXTURE.RLE  = 

USE.GAUSSIAN.TEXIURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL_ENTRY_BEGIN 
MATERIAL^NAME  =  wail_wood_color 
MATERIAL_ID  =  88 
SPECinC_HEAT  =  0.5124 
THERMAL.CONDUCnVTTY  =  0.98 
MASS_DENSrTY  =  1.0 
SPECULARITY  =0.15 
VISIB1JE_EMISSIVITY  =  0.86 
THERMAL.EMISSIVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
TTTTnCTsTFSS  sb  4  5 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  «  wall_wood_color.ems 
EXTINCnON_FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_E^^^RY_BEGIN 
xMATERIAL_NAME  =  wall  wood_color 
MATERIALJD  =  89 
SPECinC.HEAT  =  0.5124 
THERMAL.CONDUCnVTTY  =  0.98 
MASS_DENSITY  =  1.0 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =  0.88 
THERMAL_EMISSIVITY  =  0.865 
EXPOSED.AREA  =  -0.4 
THICKNESS  =  4.5 

OPTICAL^DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  waU_wood_color.ems 
EXnNCnON.HLE  = 

TEXTURE_HLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


# - 

#  SoilsAValer  Materials 

#  - - 

MATERIAL.ENTRY  .BEGIN 
MATERLAL.NAME  =  soil_clav.gray 
MATERIALJD  =40 
SPECinC.HEAT  =  .3202 
THERMAL.CONDUCTI  Vrr  Y  =  4. 1 62 
MASS.DENSITY  =  1 .00 
SPECULARITY  =  0.0 
VISIBLE.EMISSIvnT  =  0.795 
THERMAL.EMISSIVITY  =  0.965 
EXPOSED.AREA  =  -0.3 
Tmr'K’MF<s9  —  Q  85 
OPTICAL.De’sCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  soil_clay.gray.ems 
EXTINCnON.FILE  = 

TEXTURE_nLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENTRY_BEGIN 
MATERIAL.NAME  =  soU„clay_rcd 
MATERIAL_ID=41 
SPECIFIC.HEAT  =  0.3202 
THERMAL.CONDUCnVTTY  =  4. 1 62 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.0 
VISIBLE.EMISSIVITY  =  0.825 
THERMAL.EMISSIVITY  =  0.95 
EXPOSED.  ARE  A  =  -0.25 
THICKNESS  =  9.85 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  soU.clay.red.ems 
EXTINCnON_nLE  = 

TEXTURE.HLE  = 

liSE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERLAL.ENl'R  Y  .B  EGLN 
MATERIAL.NAME  =  soii.din.brown 
MATERIALJD  =  13 
SPECinC.HEAT  =  0.3222 
THERMAL.CONDUCnVTTY  =  6.U7 
MASS.DENSITY  =  1 .0 
SPECULARITY  =  0.0 
VTSIBLE.EMISSIVITY  =  0.825 
THERMAL.EMlSSIVI’fY  =  0.925 
EXPOSED.AREA  =  -0.25 
THICKNESS  =  9.85 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY  FILE  =soil_din_brown.ems 
EXTINCnON.FILE  = 

TEXTURE  FILE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY  .BEGIN 
MATERIAL.NAME  =  soil  .gravel.lighi.brown 
MATERIALJD  =43 
SPECIFIC.HEAT  =  0.41 
THERMAL.CONDUCTIVTTY  =  10.76 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.0 
VTSIBLE.EMISSIVITY  =0.85 
THERMAL.EMISSIVITY  =  0.915 
EXPOSED.AREA  =  -0.25 
THICKNTSS  =  9.85 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  soil_gravel_lighi_brown 
EXTINCnON.RLE  = 

TEXTURE  .RLE  = 

USE.GAUSSLAN  jrEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTRY  .BEGIN 
MATERIAL.NAME  =  waier_genesee.river 
MATERIALJD  =  2 
SPECIRC.HEAT  =  0.9841 
THERMAL.CONDUCnvITY  =  5.1 
MASS.DENSITY  =  1 .0 
SPECULARITY  =  0.0 
VTSIBLE  EMlSSIVrrV  =0.98 
THERMAL  EMISSIVI'IY  =  0.975 
EXPOSED.AREA  =  -0.5 
MP —  5  i 

OPTICAL.DESCRIPriON  =  OPAQUE 
EMISSIVITY  ^RLE  =  water.gcnesee  hver.cms 
EXTINCTION.RLE  = 

'rEXTURE.RLE  = 

USE  GAUSSIAN_TEX'nJRE  =  FALSE 
MATERIAL.ENTRY  .ENT) 


# - - - 

#  Surface  Construction  Materials 

#  - - 

MATERIAL.ENTRY  BEGIN 
MATERIAL.NAME  =  asphaii_paiking_dark 
MATERIALJD  =  30 
SPECIRC.HEAT  =  0.36254 
THERMAL.CONDUCnVTTY  =  9.243 
MASS  DENSITY  =  1.0 
SPECl^ARITY  =  0.1 
VISIBLE.EMISSIVITY  =0.91 
THERMAL.EMlSSrvITY  =  0.955 
EXPOSED.AREA  =  -0.25 
THICKNESS  =  9.55  - 

OPTICAL.DESCRIRTION  =  OPAQLT: 
EMISSIVITY.FILE  =  asphalt  parking  dark.ems 
EXTINCnON.RLE  = 

TEXTURE  RLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY  END 


MATER1AL_ENTRY„BEGIN 
MATERIAL_NAME  =  asphaii_parking_oid 
MATERIAL_ID  =  31 
SPECIHC_HE  AT  =  0.36254 
THERMAL.CONDUCnVTTY  =  9.243 
MASS_DENSITY  :=  1.0 
SPECULARITY  =  0.1 
VISIBLE^EMISSIVITY  =  0.775 
THERMAL_EMISSrvnT  =  0.955 
EXPOSED_AREA  =  -0.25 
TfflCKNESS  =  9.55 
OPTICAL.DESCRIPnON  =  OPAQUE 
EMISSIVITY_FILE  =  asphait_parking_old.ems 
EXTINCnON  nLE  = 

TEXTURE„FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  asphali_sirecL 
MATERIALJD  =  5 
SPECIHC_HEAT  =  0.36254 
THERMAL^CONDUCnVITY  =  9.243 
MASS_DENSrrY  =  1.0 
SPECULARITY  =  0.1 
VISIBLE.EMISSIVITY  =  0.86 
THERMAL^EMISSIVITY  =  0.955 
EXPOSED_AREA  =  -0.25 
THICKNESS  =  9.55 
OPnCAL„DESCRlPTION  =  OPAQUE 
EM1SSIVITY_FILE  =  asphalt^sireei.ems 
EXTINCnON_FILE  = 

TEXTURE.FILE  = 

USE_GAUSSIAN^TEXTURE  =  FALSE 
MATERIAL_ENTOY„ENT) 


MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  u-ee_deciduous 
MATERIALJD  =  25 
SPEanC^HEAT  =  1 
THERMAL.CONTOCnVTTY  =  12.5 
MASS_DENSITY  =  1.0 
SPECULARITY  =  0.0 
VISIBLE  EMISSrVlTY  =  0.935 
THERMA'L.EMISSI  VITY  =  0.95 
EXPOSED_AREA  =  -0.25 
THICKNESS  =1.0 

0PTICAL_DESCRIPTI0N  =  OPAQUE 
EMISSIV1TY_F1LE  =  iree_dcciduous.ems 
EXTINCnON_nLE  = 

TEXTURE  _F1  LE  = 

USE.GAUSSIAN  TEXTURE  =  FALSE 

material_entry_end 


MATER1AL_ENTRY  .BEGIN 
M/^ERIAL_NAME  =  irccjmnk 
MATERIALJD  =  18 
SPECIFIC.HEAT  =  0.429 
THERMAL.CONDUCTIVTTY  =  0.85 
MASS_DENSITY  =  1.0 
SPECULARITY  =  0.0 
VISIBLE_EMISSrVITY  =  0.87 
THERMAL_EMISSIVITY  =  0.955 
EXPOSED  AREA  =  -0.5 
THICKiVESS  =  0.65 
OPTICAL.DESCRIPTION  =  OPAQUL 
EMISSIVTTY.nLE  =  Lree_inink.ems 
EXTINCnON_nLE  = 

TEXTURE  .FILE  = 

USE.GAUSSIA.V  .TEXTURE  =  FAL^E 
MATERIAL.ENTRY  _END 


MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  concrete_sidewalk 
MATERIAL_ID  =  6 
SPECinC.HEAT  =  0.3105 
THERMAL.CONDUCnVITY  =  15.5 
MASS  .DENSITY  =  1.0 
SPECULARITY  =  0.1 
VISIBLE.EMISSIVITY  =  0.725 
THERMAL.EMISSIVITY  =  0.935 
EXPOSED.  AREA  = -0.25 
THICKNESS  =  6.565 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  concrcie.sidewalk.ems 
EXTINCnON.nLE  = 

TEXTURE.RLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.^iTTRY.EiND 


# - 

#  Vegetation 


MATERIAL.ENTRY.BEGIN 
MATERIAL  NAME  =  grass 
MATERIAL_1D  =  4 
SPFrTFir  HFAT  =  1 
THERMAL_CONT)UCTTVITY  =  12.5 
MASS.DENSrrY  =  1.0 
SPECULARITY  =  0.0 
VISIBLE.EMISSIVrrY  =  0.79 
THERMAL.EMISSIVITY  =  0.93 
EXPOSED.AREA  =  -0.25 
THICKNESS  =  1.275 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  grass,  ems 
EXTINCnON.FlLE  = 

TEXTURE.HLE  = 

USE.GAUSSIAN.TEXTURE  =  FALSE 
MATERIAL.ENTRY.ExND 


Hawkeye  Optimum  Materials 


#  FILE  TYPE; 

#  CREATEOR; 
#DATE 


DIRSIG  Materials  file 
'convert_materials’  utility 
Wed  Oct  4  12:37:27  EOT  1995 


#  NOTES:  Entries  can  be  arranged  in  any  order 

#  Tags  within  any  entry  can  be  in  any  order 

#  A  minimal  set  of  tags  are  required  (see  below) 

# 


start  an  entry 
name  of  the  material 
#ID  of  the  material 
specific  heat 
thermal  conductivity 
mass  density 

specularity  of  the  material  surface 

0.0  =  100%  diffuse  and  1.0  =  100%  specular 

solar/incident  emissivity 

thermal/exit  emissivity 

DCS/l'HERM  surface  area  term 

OPAQUE,  UNIFORM_TRANSMlSSIOK,  or 

NONUNIFOI^Mjn^ANSMISSION 

name  of  emissivity  file 

end  of  entry 


exticiion  file  —  required  for  transmission 
name  DIRSIG  Texture  Image  file  for  material 
flag  to  generate  gaussian  texture 
(default  is  FALSE) 

MATERIA  L_ENTRY_BEGLN 
MATERIAL_NAME  -  grass 
MATERIALJD  =  4 
SPECIFIC.HEAT  =  0.8 
THERMAL.CONDUCnVITY  =  5.5 
MASS_DENSITY  =  1.0 


#  Required  Tags: 

#  MATERIAL_ENTRY_BEGrN 

#  material_name 

#  MATERIALJD 

#  SPECinC_HEAT 

#  THERMAL_CONDUC'nVITY 

#  MASS_DENSITY 

#  SPECULARITY 

# 

#  VISIBLE_EMISSIVITY 

#  THERMAL_EMISSIVITY 

#  EXPOSED.AREA 

#  OPTICAL_DESCRn^'rLON 

# 

#  EMISSIV1TY_FILE 

#  MATERIAL_ENTRY_END 

# 

#  Optional/A dditional  Tags: 

#  EXTINCTION_FILE 

#  TEXTURE_FILE 

#  USE_GAUSSIANjrEXTURE 

# 


material_entry_begin 

MATERIAL_NAME  =  painted_stcel„roof 
MATERIAL_1D  =  1 
SPECIFIC_HEAT  =  0.089 
THERMAL_C0NDUCTIVITY  =  464.4 
MASS_DENSITY  =  7.8330 
SPECULARITY  =  0.3 
VISIBLE_EMISSIVITY  =  0.88 
THERMAL_EMISSIVITY  =  0.7 
EXPOSED_AREA  =  -0.4 
THICKNESS  =  1 

OPTICAL_DESCRlP'nON  =  OPAQUE 
EMISSIVITY_FILE  =  pamicd_steci_roof.cms 
EXTINCTION_FlLE  = 

TEXTURE_FILE  = 

USE_GAUSS1AN_TEXTURE  =  F'AINE 
MATERIAL_ENTRY_END 


MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  water_genesee_rivcr 
MATERIALJD  =  2 
SPECIFIC_HEAT  =  0.9841 
THERMAL.CONDUCTIVrrY  =  5. 1 
MASS_DENSITY  =  l.O 
SPECULARITY  =  0.0 
VISIBLE_EMISSIVITY  =  0.98 
THERMAL_EMISSIVITY  =  0.975 
EXPOSED_AREA  =  -0.5 
THICKNESS  =  5.1 

OPTICAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  water_genesec_river.ems 
EXTINCTION_FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIANJFEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


SPECULARITY  =  0.0 
VISIBLE.EMISSIVri'Y  =  0.79 
THERMAL_EMISS1VITY  =  0.94 
EXPOSED_AREA  =  -0.27 
THICKNESS  =  0.05 
OP^nCAL_DESCIUPTION  =  OPAQUE 
EMISSlVriAJITLE  =  grass.ems 
EXTINCriON_FlLE  = 

TEX'I'URILFILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIA  L_ENTR  Y_EN  D 

M  ATERl  A  L_EN'IR  Y_B  tC  IN 
MA'rERIAL_NAME  =  asphali_strcel 
MA'FERIALJD  =  5 
SPEClFIC_MEA'r  =  0.43254 
THEICyiAL_CONDUCTIVri-Y  =  1 1.243 
MASS_DENSITY=  1.0 
SPECULARITY  =  0.1 
VISIBLE_EMISSIVITY  =  0.87 
THERMAL_EM1SSIVITY  =  0.945 
EXPOSED_AREA  =  -0.22 
THICKNESS  =  7  55 
OPnCAL_DESCRIFI10N  =  OPAQUE 
EMISSIVITY.FILE  =  asphalL_old.ems 
EXTINCTION  JYLE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_EN'n<Y_END 

M  Al'ERI  A  L  J  •  NIR  Y_B 
MATER1AL_NAME  =  concrete_sidewalk 
MA'FERIALJD  =  6 


SPECIFIC_HEA'r  =  0.3005 
THERiMAL_CONDUCTIVrrY  -  15.5 
MASS„DENSITY  =  1.0 
SPECULARITY  =  0.1 
VISIBLE_EMISSIVITY  =  0.825 
THERMAL^EMISSIVITY  =  0.935 
EXPOSED_AREA  =  -0.23 
THICKNESS  =  4.765 
OPTICAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  concrele_sidcwalk.cms 
EXUNCTION.MLE  = 

TEXTURE.HLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENTR  Y_B  EG  IN 
MATERIAL_NAME  =  roof_gravel 
MATERIALJD  =  12 
SPECIFIC_HEAT  =  0.35 
THERMAL_CONT)UCTIVITY  =  13.1 
MASS_DENSITY  =  1.00 
SPECULARITY  =0.30 
VISIBLE_EMISS1VITY  =  0.80 
THERMAL_EMISSIVrrY  =  0.90 
EXPOSED_AREA  =  -0.50 
THICKNESS  =  7.50 
OP'nCAL^DESCIGPTION  =  OPAQUE 
EMISSIVITY„FILE  =  rooi_gravel.ciTis 
EXTINCTION_FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  I^ALSl-l 
MATERIAL.  EN™  Y_EN  D 

MATERIAL.ENTRY.BEGLN 
MATERIAL.NAME  =  soil.dirt.brown 
MATERIALJD  =  13 
SPECIFIC.HEAT  =  0.3422 
THERMAL_CONT)UCTIVITY  =  7.417 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.0 
VISIBLE.EMISSIVFFY  =  0.825 
THERMAL.EMISSIVITY  =  0.925 
EXPOSED.AREA  =  -0.22 
THICKNESS  =  4.85 
OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  soii.din  Jrown.cms 
EXTINCTION.nLE  = 

TEXTURE.FILE  = 

USE_GAUSSIAN_TEX'rURE  =  FALSE 
MATERIAL.ENTRY.EXD 


MATERIA  L.ENTO  Y_B  EG  IN 
MATERIAL.NAME  =  \valJ_bnck_havvk_crcam 
MATERIALJD  =  15 
SPECIFICJIEAT  =  0.2918 
THERMAL.CONDUCnvITY  =  6.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.92 
THERMAL.EMISSIVITY  =  .93 
EXPOSED_AREA  =  -0.2 
THICKNESS  =  7.0 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  bnck.cms 
EXTINCTION.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIANJTEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


MAdERIALJ{NTRY_BEGL\ 
MATERIAL.NAME  =  aiuminum_vcnl_ha\vkcyc 
MATERIALJD  =  16 
SPECIFIC.HEAT  =  0.55 
THEICMAL.CONDUCTIVITY  =  1909 
MASS.DENSITY  =  1 
SPECULARITY  =  0.3 
VISIBLE.EMISSIVITY  =  0.5 
THERMAL.EMISSIVITY  =  0.72 
EXPOSED.AREA  =  -0.3 
THICKNESS  =  0.275 
OPTICA  L.DESCRIP'IION  =  OPAQUE 
EMISSIVITY.FILE  =  aluminuin.weaihered.ems 
EX'ITNC'nON.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIANjrEXTURE  =  FALSE 
MATERIAL.ENTRY.END 


M  ATERl  A  L.EN'fR  Y_B  EG  LN 
MATERIAL.NAME  =  iree.trunk 
MATERIALJD  =  18 
SPECIFIC  JIEAT  =  0.429 
'rilEILMAL.CONDUC'nvrrY  =  0.85 
MASS_DENSrrY  =  1 .0 
SIM-CULARI'l’Y  =  0.0 
VISIBLIJEMISSIVII'Y  =  0.87 
THI'R.MAL.EMISSl  VITY  =  0.9.55 
EXPOSED_AREA  =  -0.3 
THICKNESS  =  0.65 
OP'nCAL_DESCRlPriON  =  OPAQUE 
EMISSIVITY_i*ILE  =  Lrec_irutik.cms 
EX'rLNCTlON.IdLE  = 

TEXTURE,  FILE  = 

USE_GAUSS1AN  J'EXTURE  =  FALSE 
MATERI  AL.EMFR  Y_END 


M  Al'ERI  A  L  JLNTR  Y„B  EG  IN 
.MA'I’ERIAL_NAME  =  ircc_dcciduous 
MA3'ERIAL_ID  =  25 
SPECIFIC_I1EAT  =  1 
THEILMAL_CONDUCTIVITY  =  12.5 
MASS_DENSITY  =  I.O 
SPECULARITY  =0.0 
VISIBLE  JLMISSIVITY  =  0.935 
'rHERMAL„EMISSIVri'Y  =  0.95 
EXPOSED.AREA  =  -0.22 
THICKNESS  =  1.5 

OPTICA  L_DESCIHP'I'ION  =  OPAQUE 
EMISSIVITYJ'ILE  =  Lrec_deciduous.cins 
EXTINCTIOiNJFILE  = 

TEXTURE,  FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MAd’F:RIAL_F:N"rRY_END 


M  A'l  ERI A  I._ENTR  YJi  EG  IN 
VlA3'ERIAL_NAMIi  =  a.sphail_parkLiig_ncw 
MATERIALJD  =  30 
S  PECIF'lCJl  EAT  =  0.44254 
THERMAL,CONDUCrivrrY  =  1 1.243 
MASS_DENSrrY  =  1.0 
SPECULARITY  =  0.1 
VISIBLE,EM1SSIVITY  =  0.91 
THERMAL_EM1SSIVITY  =  0.94 
EXPOSED_AREA  =  -0.21 
THICKNESS  =  7.55 
OPTlCAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  asphaU_new.ems 
EXTINC'nON„FILE  = 

'rEXTURE_FTLE  = 


USE_GAUSSIAN_TEXTURE  =  I'ALSE 
iVIATERIAL_ENTRY_END 

MATERIAL_ENTRY_BEGLN 
MATERIAL_NAME  =  asphali_old 
MATERIALJD  =  31 
SPECIFIC_HEAT  =  0.42254 
THERMAL_CONDUCTlVrrY  =  1 1.443 
MASS_DENSrrY  =  1.0 
SPECULARITY  =0.1 
VISIBLE_EiVIISSIVITY  =  0.775 
THERMAL_EMISSIVITY  =  0.943 
EXPOS  ED_AREA  =  -0.21 
THICKNESS  =  7.55 
OPTICAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  asphall_old.ems 
EXTINCTLON.FILE  = 

TEXTURE.nUE  = 

USE_GAUSSIAN_.TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATER1AL_ENTRY_BEGIN 
MATERIAL_NAME  =  soil_clay_gray 
MATERIALJD  =  40 
SPECIFIC_HEAT  =  .3802 
THERMAL_CONDUCTIVITY  =  4.762 
MASS„DENSn'Y  =  1 .00 
SPECULARITY  =  0.0 
VISIBLE_EMISSIVITY  =  0.795 
THERMAL_EMISSIVITY  =  0.955 
EXPOSED_AREA  =  -0.20 
THICKNESS  =  4.85 
OPTICAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  soil_clay_gray.cms 
EXTINCTIONJFILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEX3'URE  =  I-Al^E 

material_entry_end 

MATERIAL_ENTOY_BEGL\ 
MATEIHAL^NA.ME  =  soiLclay_rcd 
MATERIALJD  =  41 
SPECIFIC_HEAT  =  0.3702 
THERMAL_CONDUCTIVITY  =  4.862 
MASS_DENSITY=  1.0 
SPECULARITY  =  0.0 
VISIBLE„EMISSIVITY  =  0.825 
THERMAL_EMISSIVITY  =  0.95 
EXPOSED_AREA  =  -0.20 
THICKNESS  =  4.95 
OPTIC  AL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  soil_clay_rcd.cms 
EXTINCTIONJFILE  = 

TEXTURE.HLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL.ENITY.END 


MATERIAL_ENTRY_BEGLN 
MATERIAL_NAME  =  soil_graveiJighLj:5rovvn 
MATERIALJD  =  43 
SPECIFIC_HEAT  =  0.51 
THERMAL_CONDUCT[VrrY  =  15.76 
MASS_DENSITY  =  1.0 
SPECULARFFY  =  0.0 
VISIBLE_EMISSIVITY  =  0.85 
THERMAL_EMISSIVrrY  =  0.915 
EXPOSED.AREA  =  -0.20 
THICKNESS  =  5.85 
OPTICAL_DESCRIPTON  =  OPAQUE 
EMISSIVITY_FILE  =  soLl_gravel_brown.cms 


EX'ITNC  riONJITLl^  = 

TEXTURE_RLE  = 

USE_GAUSSIAi\JTEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENm<Y_BEGLN 
MATERIAL_NAME  =  roGjaluminum 
MATERIALJD  =  50 
SPECIFIC_HEAI'  =  0.45 
THERMAL.CONDUCTIVITY  =  2309 
MASS_DENSITY=  1.00 
SPECULARITY  =  0.30 
VISIBLE_EMISSIVITY  =  0.5 
THERiMAL_EMISSlVITY  =  0.72 
EXPOSED_AREA  =  -0.3 
THICKNESS  =  0.125 
OFnCAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_nLE  =  aluminum_weaihercd. 
EXTINCTIONjnLE  = 

TEXTURE_FILE  = 

USE.GAUSSIANJTEXTURE  =  FALSE 

material_entry_end 

MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  roojsiccl 
MATERIALJD  =  52 
SPECIITCJHEAT  =  0.805 
T-IEILM  AL_COi\DUCn  vriY  =  5 1 1.5 
MASSJ9ENS1TY=  1.00 
SPECULARITY  =0.30 
VLSIBLE.EMISSIVITY  =  0.825 
THEIUMALJLMISSIVITY  =  0.79 
EXPOSED_AREA  =  -0.35 
TlIICKi\ESS  =  0.2 

OPTICAL.DESCRlP'i’ION  =  OPAQUE 
EM1SSIVITY_FILE  =  steel. cms 
EXTLNCTIONJFILE  = 

TEXTURIJFILE  = 

USIJGAUSSlANjrEXTURE  =  FALSE 
M  Al'ERI  A  L_I  ■:  NT*R  Y_EN  D 

MATE1U[AL_ENTRY_BEGLN 
MA'FERIAL.NAME  =  waljconcreie 
MATERIALJD  =  53 
SPECIFICJ-IEAI'  =  0.3145 
THEIUVlAL_CONDUCTIVITY  =  15.68 
MASS  J9ENSITY  =  1.00 
SPECULARITY  =  0.30 
VISIBLE_EMJSSIVITY  =  0.725 
THEIUMAL_EMISS1VITY  =  0.905 
EXPOSED_AREA  =  -0.20 
THICKNESS  =  9.0 

OPTCAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  concrete_wall.ems 
EXTLNCTIONJFILE  = 

TEXTURIJFILE  = 

USE_GAUSSIANjrEXTURE  =  FALSE 
MA'rERIAL_E.NTRY_END 

material_ent<y_begin 

MATERIAL_NAME  =  wmdow_glass 
MAI’ERIALJD  =  54 
SPEC1FIC_HEAT  =  0.3405 
THEIJMAL_CONDUCTIVITY  =  15.0 
.VlASS_DENSrrY  =  1.00 
SPECULARITY  =0.20 
VISIBLE_EMlSSIVrrY  =  0.85 
THERMAL„EMISSIVnY  =  0.82 
EXPOSED_AREA  =  -0.38 
THICKNESS  =  0.425 
OFnCAL_DESCRIP™N  =  OPAQUE 


EMISSIVITY_FILE  =  window_glass.cms 
EXTINCTIOi\_nLE  = 

TEXTURE_nLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 

MATERIAL_ENTR  Y_B  EGIN 
MATERIAL_NAME  =  rool_asphalt_shingles_color 
xMATERIALJD  =  60 
SPECIFIC_HEAT  =  0.3775 
THERMAL_CONDUCTIVITY  =  6. 1 45 
xMASS_DENSITY=  1.00 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.73 
THERMAL^EMISSIVITY  =  .90 
EXPOSED_AREA  =  -0.36 
THICKNESS  =  0.75 
OPTlCAL_DESCRIPTION  =  OPAQUE 
EjVnSSIVITY_FILE  =  asphaii_shinglc.cnis 
EXTINCT10N_nLE  = 

TEXTURE_FILE  = 

USE_GAUSSIANjrEXTURE  =  I-AI^I': 
MATERIAL,  ENTRY_END 

MATERIAL„EN'niY_BEGL\ 

VIATERIAL_N'AME  =  roof_asphalt_shingle.s,color 
MATERIALJD  =  61 
SPECIFIC_HEAT  =  0.3775 
THERMAL_CO^^^UCllVn•Y  =6.045 
MASS_DENSITY=  1.00 
SPECULARITY  =  0.10 
VISIBLE_EMISSIVITY  =  0.76 
THERMAL_EMISSIVITY  =  .91 
EXPOSED_AREA  =  -0.374 
THICKNESS  =  0.65 
OPTICAL_DESCRIPTIO.N  =  OPAQUE 
EMISSIVITY,FILE  =  asphali,.shingie.ems 
EXTENCTION.FILE  = 

TEXTURE_FILE  = 

USE,GAUSSIAN_TEX1'URH  =  FALSE 
MATERIAL_ENTRY_END 

M  ATERI AL,ENn<  Y_B  EG  IN 
MATERIAL_.\' AME  =  root_asphali_shinglcs_coior 
MATERIAL_[D  =  62 
SPECIFIC_HEA1’  =  0.3775 
THERMAL_COiVI3UCTI  Vn’Y  =  6.075 
MASS_DENSITY  =  1.000 
SPECULARITY  =  0.10 
VISIBLE_EMISSIVrrY  =  0.78 
THERMALJTMISSIVITY  =  .91 1 
EXPOSED,AREA  =  -0.37 
THICKNESS  =  0.685 
OPTICAL_DESCRIP'nON  =  OPAQUE 
EA^nSSIVITY,FILE  =  asphalt_shLngle.eiTis 
EXTINCTION_FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 

MATERIAL_EN1'RY_BEGL\ 

MATERIAL_NAME  =  root_asphall_shingles_color 
MATERIALJD  =  63 
SPECIFIC.HEAT  =  0.3775 
THERMAL_CONDUCTIVITY  =  6.065 
MASS_DENS1TY  =  1.00 
SPECULARITY  =  0.10 
VISIBLE_ExMISSIVnT  =  0.81 
THERMAL_EMISSIVITY  =  .913 
EXPOSED_AREA  =  -0.374 
THICKNESS  =  0.85 
OPTICAL_DESCRIP'nON  =  OPAQUE 


EMISSIVITY_I'ILE  =  asphaU^shingie.ems 
EXTLNCTIONJFILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATEILIAL_ENrRY_END 

MATERIAL_EN'mY_BEGIN 
MATERIAL_NAME  =  roof_asphaii_shmgles_coior 
MATERIALJD  =  64 
SPECIFIC_HEAT  =  0.3795 
THEILMAL_CONDUCTIVn'Y  =  6.045 
MASS.DENSrrY  =  1.000 
SPECULARITY  =  0.10 
VISIBLE,EMISSIVITY  =  0.83 
‘PHERMAL.EMISSIVITY  =  .913 
EXPOSED_AREA  =  -0.373 
THICKNESS  =  0.79 
OP'IICAL,DESCRlP'riON  =  OPAQUE 
EMISSIVITY.ITLE  =  asphak_.shmgle.cms 
EXTINCTIONJFILE  = 

TEXI'URE_FILE  = 

USE_GAUSSlAi\_'rEXTURE  =  FALSE 
M  ATEIU  AL_EN'IK  Y_EN  D 

MATERIAL_ENTRY_BEGLN 
V1ATEILIAL_NAME  =  root'_asphalt_shingles_color 
MATERIALJD  =  65 
SPECIFIC_HEAT  =  0.3765 
THERMAL_CONDUCIIVlTY  =  6.145 
MASS_DENS1TY  =  1.000 
SPECULARITY  =0.10 
VISIBLE_EM1SS1VITY  =  0.86 
THERMAL_EMlSSIVrrY  =  .91 
EXPOSED_AREA  =  -0.376 
THICKNESS  =  0.45 
OPTICA  L.DESCRIPTION  =  OPAQUE 
EMiSSIVrrY_FILE  =  asphali_shmgle.ems 
EXTLNCnONJFILE  = 

TEXTURE.  FILE  = 

USE.GAUSSIANJFEXTURE  =  FALSE 
MATEIUAL.ENTOY.END 

M  AI  ERI A  L.ENI'R  Y_l^  EG  IN 
.V1ATERIAI._NAME  =  roof.asphak.shinglcs.color 
MA'fERIAL.lD  =  66 
SPECIFIC_HEAT  =  0.3675 
TI  lERMAL.CONDUCl'IVITY  =  6.245 
MASS.DENSri'Y  =  1. 000 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.89 
'rHERMALJLMlSSIVriY  =  .907 
EXPOSED.AREA  =  -0.372 
THICICNESS  =  0.55 
OPIICAL.DESClUiniON  =  OPAQUE 
EMISSIVITY.FILE  =  asphall.shingle.ems 
EX'ITNCTION.iTLE  = 

TEXTURE.FILE  = 

USE.GAUSSIANjrEXTURE  =  I-ALSE 
MATERJAL_ENn^Y_END 

M  ATERI A  L.ENTR  Y_B  EGLN 
MAI'EILIAL.NAME  =  roof_asphak_shingles_coior 
MATERIALJD  =  67 
SPECIFIC.HEAT  =  0.3575 
THERMAL.CONDUCrnVITY  =  6. 185 
MASS.DENSriT  =  1.000 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVri'Y  =  0.91 
THERM  AL.EMISSIVITY  =  .914 
EXPOSED.AREA  =  -0.37 
THICKNESS  =  0.65 
OPIICAL.DESCRIP'IION  =  OPAQUE 


EMISSIVITY_FILE  =  asphaU_shLnglc.cms 
EXTrNCT10N_nLE  = 

TEXTURE_nLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 

M  ATERI  AL_ENTR  Y_B  EGIN 
MATERIAL_NAME  =  roof_asphaU_shingles_color 
MATERIALJD  =  68 
SPECIFIC.HEAT  =  0.3595 
THERMAL_CONDUCTIVITY  =  6.125 
MASS_DENSITY=  1.00 
SPECULARITY  =0.10 
VISIBLE_EMISSIVITY  =  0.93 
THERMAL_EMISSIVITY  =  .905 
EXPOSED_AREA  =  -0.371 
THICKNESS  =  0.57 
OPTICAL_DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  asphalt_shmgle,cms 
EXTTNCTIOiNLnLE  = 

TEXTURE.HLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_EN'IKY_BEGIN 

MATEILLAL_N' AME  =  roof_asphall_shinglcs_color 
MA3'ER1AL_ID  =  69 
SPECIFIC_HEAT  =  0.3575 
THERMAL„C0NDLCT1V1TY  =  6.145 
MASS_DENSITY  =  1 .000 
SPECULARITY  =0.10 
VISIBLE_EMISSIVrrY  =  0.95 
THERiMAL_EMISSIVITY  =  .912 
EXPOSED_AREA  =  -0.282 
THICKNESS  =  0.67 
OPTICA  L_DESCRIPTION  =  OPAQUE 
EM1SSIVITY_FILE  =  asphalt_shinglc.cms 
EXTINCTION.FILE  = 

TEXTURE.FILE  = 

USE_GAUSSIAN_TEXTURE  =  FAI^E 
MATERIAL_EN'rRY_END 


M  ATERIAL_EN'm  Y_B  EGIN 
MATERJAL_NAME  =  NvalLbrick_coior 
MATERIAL_ID  =  70 
SPECIFIC_HEAT  =  0.3818 
THERMAL_CONDUCTIVrrY  =  6.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE_EMISSIVITY  =  0.65 
THERMAL.EMISSIVITY  =  .93 
EXPOSED_AREA  =  -0.287 
THICKNESS  =  6.0 

OPTICAL_DESCRIPT10N  =  Oi^AQUIi 
EMISSIVITy_FILE  =  bnck.cms 
EXTINCTIONJTLE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEX'rURE  =  l-ALSE 
M  ATEILIAL_ENTO  Y_EN  D 


MATERIAL_ENTO  Y_B  EGLN 
MATERIAL_N  AME  =  \vaLl_brick_color 
MATERIALJD  =  71 
SPECinC^HEAT  =  0.2918 
THERMAL_CONDUCTIVITY  =  5.935 
MASS_DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.68 
THERMAL_EMISSIVITY  =  .93 
EXPOSED_AREA  =  -0.3 
THICKNESS  =  7.0 


OPTICA  L_DESCRIP410N  =  OPAQUE 
EMISSIVITYJTLE  =  brick. cm  s 
EXTINCnON.FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MATERIAL_ENTRY_BEGIN 
MATERIAL_NAME  =  wall_brick_color 
MATERIALJD  =  72 
SPECIFIC_HEAT  =  0.2998 
THERMAL_CONDUCTIVITY  =  6.835 
MASS_DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.71 
THERMAL.EMISSIVITY  =  .93 
EXPOSED_AREA  =  -0.29 
THICKNESS  =  8.0 

OPTICA  L_DESCIHPTION  =  OPAQUE 
EMISSIVITY_FILE  =  brick.cms 
EXTINC'nONJFILE  = 

TEXTURE.FILE  = 

USIJGAUSSlANJTEX'rURE  =  l-ALSE 
M  ATERI  AL_ENTR  Y_EN  D 


MATIiRlALJ-NTRY^BliGIN 
MATERIAL_NAME  =  vvall_brick_color 
MA'I'ERIALJD  =  73 
SPECIFICJIEAT  =  0.3818 
THERMAL_CONDUCnvrrY  =  7.335 
MASS_DENSITY=  1.0 
SPECULARITY  =  0.10 
VISIBLE_EMISSIVrrY  =  0.74 
THEI^MAL.EMISSIVITY  =  .93 
EXPOSED_AREA  =  -0.29 
THICKNESS  =  7.0 

OP^nCAL_DESCRIPTION  =  OPAQUE 
EMISSIVITYJHLE  =  brick.ems 
EXTTNC'RON  JTLE  = 

TEXTURE_FILE  = 

USE_GAUSSIANJ['EXTURE  =  FALSE 
MATERIAL_ENTRY_END 


MA'rERIAL_ENTRY„BEGLN 
MATERIAL_NAiME  =  wall  J)rick_coior 
MATERIALJD  =  74 
SPECIFICJIEAT  =  0.2818 
THERMAL_CONDUCnVlTY  =  6.735 
MASS.DENSri'Y  =  1.0 
SPECULARITY  =  0.10 
VISIBLE  JLMISSIVITY  =  0.77 
THliKMAL.EMISSIVITY  =  .93 
EXPOSED_AREA  =  -0.3 
rillCKNESS  =  6.0 

OPTICA  L_DESCRIP'riON  =  OPAQUE 
EMISSIVn'YJ-ILE  =  brick.cms 
EX'riNCI'IONJl  <ILE  = 

'rEX'rURE^FlLE  = 

USE_GAUSSIANjrEXTURE  =  FALSE 
MA4'ERIAL_ENUTY_END 


MATEIUAL_ENTOY_BEGIN 
MATERIAL_NAME  =  wail_brick„color 
MATERIALJD  =  75 
SPECIFICJIEAT  =  0.2918 
THERMAL.CONDUCTIVITY  =  6.985 
MASS_DENSITY  =  I.O 
SPECULARITY  =  0.10 


VISIBLE_EMISS1VITY  =  0.8 
THERMAL.EMISSIVITY  ^  .927 
EXPOSED_AREA  =  -0.287 
THICKNESS  =  7.0 

OPTICAL_DESCRIP'nON  =  OPAQUE 
EMISSIVITY.FILE  =  brick.cms 
EXTTNCTION_FlLE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_.ENTOY_END 


M  ATERI  AL_ENTR  Y_B  EGIN 
MATERIAL_NAME  =  wall_brick_color 
MATERIALJD  =  76 
SPECIFIC.HEAT  =  0.2S18 
THERMAL.CONDUCTIVITY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.83 
THERMAL_EMISSIVITY  =  .918 
EXPOSED_AREA  =  -0.3 
THICKNESS  =  7.2 

0PTICAL_DESCRIP310N  =  OPAQUE 
EMISSIVITY„FILE  =  bnck.cms 
EXTINCnON_FILE  = 

TEXTURE_F1LE  = 

USE„GAUSS1AN_'1'EXTURE  =  p-ALSF: 
iVIATERlAL_ENTOY_E.\'0 


MATERIA  L_EN3'R  Y_B  EG  IN 
MATERIAL_NAME  =  wall_brick_color 
MATERIALJD  =  77 
SPECIFIC_HEAT  =  0.3218 
THERMAL_CONT)UCTIVriY  =  7.935 
MASS_DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.86 
THERMAL.EMISSIVITY  =  .92 
EXPOSED.AREA  =  -0.3 
THICKNESS  =  8.3 

OPTICAL.DESCRIIJION  =  OPAQUE 
EMISSIVITY.FILE  =  bnck.cms 
EXTINCTION.FILE  = 

TEXTURE.FILE  = 

USE.GAUSSIAN  JFEX'rURE  =  I-ALSF: 
MATERIAL.  E.Vn<Y_END 


MATERIAL_ENTOY_BEGIN 
MATERIAL.NAME  =  wall.brick.color 
MATERIALJD  =  78 
SPECIFIC.HEAT  =  0.2898 
THERMAL.CONDUCTIVITY  =  6.335 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.89 
THERMAL.EMISSIVITY  =  .925 
EXPOSED.AREA  =  -0.278 
THICKNESS  =  6.0 

OPTICAL.DESCRIP'FION  =  OI^AQUF: 
EMISSIVITY.FILE  =  brick.cms 
EXTIN^CTIONJFILE  = 

TEXTURE.FILE  = 

USE.GAUSSlAiNJTEXI'URE  =  FALSE 
MATERIAL.ENTRY.END 


MATERIAL.ENTR  Y_B  EGIN 
MATERIAL.NAME  =  wall.brick.color 
MATERIALJD  =  79 


SPECIFICJIEAT  =  0.2918 
'FHERMAL.CONDUCTIVrrY  =  6.935 
MASS.DENSITY  =  I.O 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVri'Y  =  0.92 
rilERMAL.EMISSIVlTY  =  .932 
EXPOSED.AREA  =  -0.28 
THICK.NESS  =  7.0 

OPIICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  brick.cms 
EXITNC'nON.ITLE  = 

TEXTURE.FILE  = 

USE.GAUSSIANJ  lEXTURE  =  i*ALSE 
MATEIUAL.ENTOY.END 

MATERIAL.ENTOY.BEGIN 
MATERIAL.NAME  =  wall.wood.color 
MATEIUAL.ID  =  80 
SPECIFIC.HEAT  =  0.5194 
THERMAL.CONTDUCnVITY  =  1.02 
MASS_DEKSITY  =  1.0 
SPECULARITY  =  0.15 
VISIBLE.EMISSIVITY  =  0.7 
THERMAL.EMISSIVriT  =  0.858 
EXPOSED.AREA  =  -0.28 
THICKNESS  =  4.0 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wcod.cms 
EX'IINCTION.ITLE  = 

'I'EXI'URE.FILE  = 

USE.GAUSS1ANJIEXTURE  =  FAINE 
MA'i'ERIAL.ENTRY.END 


.M  A'FERI  AL.EN'FR  Y.B  F:GIN 
.MA'I'ERIAL.NA.ME  =  wall.wocxi.color 
MaVIERIALJD  =  81 
SPECIFIC.HEAT  =  0.5184 
'FHERMAL.CON'DUCTIVFFY  =  0.96 
.MASS.DENSITY  =  1.0 
SPECULARITY  =  0.15 
VISIBLE.EMISSIVITY  =  0.72 
'FHERMAL.EMISSIVITY  =  0.848 
EXPOSED.AREA  =  -0.286 
THICKN'ESS  =  3.85 
OPTICA  L.DESCRIP'n  ON  =  OPAQUE 
EMISSIVITY.FILE  =  wcod.cms 
EXTLNCTION.FILE  = 

'FEX'FURE.FILE  = 

USE.GAUSSIANJFEXTURE  =  FALSE 
MATERIAL.ENFRY.END 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wall.wcxxl.coLor 
MAI’ERIAL.ID  =  82 
SPECIFIC.HEAT  =  0.5124 
THEICMAL.CONDUCFIVFFY  =  0.98 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.15 
VISIBLE.EMISSIVITY  =  0.74 
FHERMAL.EMISSIVITY  =  0.865 
EXPOSED.ARIUX  =  -0.3 
'FIIICKNF:SS  =4.5 

OP'FICAL.DESCRIP'IION  =  OPAQUE 
EMISSIVITY.FILE  =  wcod.cms 

f:xtinction.file  = 

TEX'FURE.ITLE  = 

USE.GAUSSIANJFEXTURE  =  FALSE 
.MA'FERIAL.ENFRY.END 


MATERIAL_ENTOY_BEG[N 
MATERIAL_NAME  =  \vall_wood_color 
MATERIALJD  =  83 
SPECIFIC_HEAT  =  0.5284 
THERMAL.CONDUCTIVITY  =  1.04 
MASS_DENSITY  =  I.O 
SPECULARITY  =  0.15 
VISIBLE_EMISSIVITY  =  0.76 
THERMAL_EM1SSIVITY  =  0.865 
EXPOSED.AREA  =  -0.28 
THICKNESS  =  3.75 
OPTICA  L.DESCRIPTION  =  OPAQUE 
EMISSIVITY_FILE  =  wood.ems 
EXTINCTION_FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEX'rURE  =  I-ALSE 
MATERIAL.  ENTO  Y_EN  D 


MATERIAL.ENTRY.BEGIN 
MATERIAL.NAME  =  wall.wood.color 
MATERIALJD  =  84 
SPECIFIC_HEAT  =  0.5124 
THERMAL.CONDUCTlvrrY  =  0.98 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.15 
VISIBLE.EMISSIVITY  =  0.78 
THERMAL.EMISSIVITY  =  0.865 
EXPOSED.AREA  =  -0.3 
THICKNESS  =  4.5 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wood.cm.s 
EXTINCTION.PILE  = 

TEXTURE.FILE  = 

USE_GAUSSIAN_1'EXTURE  =  FAL^E 
MATEIHAL.EiNrrRY.END 


M  ATERI  AL.ENTR  Y_B  EGLN 
MATERIAL.NAME  =  wali.wood.color 
xMATERIALJD  =  85 
SPECIFIC.HEAT  =  0.5324 
THERMAL.CONDUCTIVITY  =  0.98 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.15 
VISIBLE.EMISSIVITY  =  0.80 
THERMAL.EMISSlVrrY  =  0.829 
EXPOSED.AREA  =  -0.26 
THICKNESS  =  2.5 

OP'IICAL.DESCRIPTION  =  OPAQUI- 
EMISSIVITY.FILE  =  wood.ems 
EXTINCTION.FILE  = 

TEXTURE.RLE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL_ENTRY_END 


iMATERIAL_ENTRY_BEGIN 
MATERIAL.NAME  =  wall_\vood_color 
MATERIALJD  =  86 
SPECIFIC.HEAT  =  0.5024 
THERMAL.CONDUCTIVITY  =  0.97 
MASS.DENSITY  =  1 .0 
SPECULARITY  =0.15 
VISIBLE.EMISSIVITY  =  0.82 
THERMAL.EMISSIVri'Y  =  0.868 
EXPOSED.AREA  =  -0.3 
THICKNESS  =  4.8 

OPTICAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  wood.ems 
EXTINCTION.FILE  = 

TEXTURE.RLE  = 


USE.GAUSSIANJl’EXTURE  =  FALSE 
MA'l'ERIAL.EiYmY.END 


M  A'l'EIH  A  L.ENTR  Y_B  EGLN 
MATERIAL.NAME  =  wall.wood.color 
MATERIALJD  =  87 
SPECIFIC.HEAT  =  0.5284 
THERMAL_CONDUCTIVlTY  =0.11 
MASS_DENSITY=  1.0 
SPECULARITY  =  0.15 
VISIBLE_EMISSiVITY  =  0.84 
THERMAL_EMISSIVrrY  =  0.860 
EXPOSED_AREA  =  -0.289 
THICKNESS  =  4.5 

OPTICA  l._DESCRII''nON  =  OPAQUE 
EMISSIVri'Y_FILE  =  w<x)d.cms 
EXIINCTIONJFILE  = 

'PEX'I'URE.FILE  = 

USE_GAUSSIANjrEXTURE  =  FALSE 
MAlliIUAL_ENmY_END 


M  A'FERI  A  L.EN'I'R  Y_B  EGLN 
MATERIAL_NAME  =  wall_wood_color 
MATERIALJD  =  88 
SPECIFIC_HEA3'  =  0.5324 
d4IEIUVIAL_CONDUCTIVlTY  =  0.99 
MASS_DENSITY  =  1.0 
SPECULARITY  =0.15 
VISIBLE_EMISSIVnT  =  0.86 
THEIUMAL_EMISSIVITY  =  0.855 
EXPOSED_AREA  =  -0.29 
THICKNESS  =  3.9 

OiniCALJ9ESCRIP1'ION  =  OPAQUE 
EMISSIvn'Y_FILE  =  wcK>d.ems 
EXTINC'nONJFILE  = 

TEX'rURE.FILE  = 

USE^GAUSSIANJI'EXTURE  =  FALSE 
MATERIAL_EN'n<Y_END 


MATERiALJ-N'rRY_BEGIN 
MA'rERiAL_NAME  =  wall_vvood_color 
MA'l'ERIALJD  =  89 
SPEClFIC_ilEA'r  =  0.6524 
THERM  AL_CONDU:CTlVITY  =  0.108 
MASS.DENSriY  =  1.0 
SPECULARITY  =  0.15 
VISIBLILEMlSSJVn'Y  =  0.88 
THERMAL_EMlSSIVrrY  =  0.835 
EXPOSED_AREA  =  -0.27 
THICKNESS  =  3.5 

OPTICA  L_DESCRIPTION  =  OPAQUE 
EMISSIVITY_F1LE  =  wood.ems 
EXTINCnONJFILE  = 

TEXTURE_FILE  = 

USE.GAUSSIANJFEXTURE  =  FALSE 
MATERIAL_ENTRY_END 

MATERIAL_ENTOYJ3EGIN' 
MATERIAL_NAME  =  waU_brick_hawk_red 
MATEIUALJD  =  90 
SPECIITC_HEAT  =  0.2978 
'rHERMAL_CONDUCTIVITY  =  7.235 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE  JiMISSlVITY  =  0.915 
THERM  AL.EMISSlvrrY  =  .925 
EXPOSED_AREA  =  -0.25 
THICKNESS  =  6.0 

OP'nCAL_DESCIUP'riON  =  OPAQUE 


EM1SSIVITY_FILE  =  bnck.cnis 
EXTI\CTION„FILE  = 

TEXTURE_FILE  = 

USE_GAUSSIAN_TEXTURE  =  FALSE 
MATERIAL.  ENTRY_END 

xMATERIAL_ENTRY_BEGIN 
MATERIAL.NAME  =  wail.bnck.hawk.church 
MATERIALJD  =  92 
SPECIFIC_HEAT  =  0.2818 
THERMAL.CONDUCTIVITY  =  5.935 
MASS.DENSITY  =  1.0 
SPECULARITY  =  0.10 
VISIBLE.EMISSIVITY  =  0.92 
THERMAL.EMISSIVITY  =  .93 
EXPOSED.AREA  =  -0.26 
THICKNESS  =  7.5 

OPTTCAL.DESCRIPTION  =  OPAQUE 
EMISSIVITY.FILE  =  brick.ems 
EXTES^CTION.FILE  = 

TEXTURE.HLE  = 

USE_GAUSSIAN_TEXTURE  =  b'ALSE 
MATERIAL  EXUiY  \IYD 
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Appendix  E 


Actual  Weather  Data 

10  November  1991 
12  October  1995 


ARTilENT  OF  COMMERC 
WATIOHAL  WEATHER 


E  >1  r*H,JHA 

SERVICE 


S  Li  r  f  a  c  e  W  e  a  t  h  e  r  0  b  s  e  r  v  a  t  i  d  n  s 


Stations  WSO  ROCHESTER  NY 

Dates  OCT  10,  1995  To  convert  LST 


UTC; 


■yp?  iite  SkyKtiiijig  i/!bjfsilxMb5ri5  SIp/Tfip/ip/ilrid/Asi/  Ssiark5.SSupplBieiitalCoi!eilBata 

SA  im  CLE  28  215/A3/38/1583/816/  58865  18651  28843  (M  85:512) 

”52?  32?83  91983  13861  23333  3381B  40215  53335  333  13178  26861  78383  555  ?1636=  !BA35:52Z) 

■A  3153  CLR  15  215/42/38/2283/616  (DA  86:532! 

SA  825!  CLR  15  216/48/36/2183/816/  93417  (DA  87:522) 

JA  8358  CLR  12  216/46/37/2183/816/  55888  (DA  83:512) 

•A  8458  CLR  6F  216/48/33/2184/816/  SC  VCHTY  318  i  (DA  0?:512! 

g.H  8558  CLH  6F  217/41/39/28B3/816/  SC  'iC8TT  ST8  8-8  (BA  18:512) 

SA  8658  CLR  7  217/43/42/2183/816/  54888  18843  28840  (BH  11:582) 

■7529  32961  82183  1865?  28856  38818  48217  54888  333  18178  28844  555  91812=  (BH11:59Z! 

SA  8751  CLR  7  222/43/47/1684/813/  FG  FRSHT/  U  THP  55  (Cl  12:532) 

■A  8850  CLR  18  221/54/58/1785/813  (CT  13:582) 

3A  8951  CLR  15  228/68/47/1485/818/  51885  (CT  14:532) 


3A  1851 

258 

-SCI  20 

21S/S5/51/2184/B17  (CT 

15:521) 

3^  1151 

250 

-SCI  25 

214/71/45/2386/816  (Cl 

16:531) 

r-h  a  n  c  Q 
:h  li  jg 

250 

-SCI  25 

287/73/49/1987/814/  S/I 

m/  58812  18873  28843  (CT  17:522) 

--C'-.Q  7' 
:  lJLj  C i 

:?e2 

219B7  r 

0223  28894  38383  48217  1 

^£912  S8801  333  18220  28844  555  91813= 

•I'. 

I.T  i-J"2 

riini  -TC 

198/75/49/2204/812  (CT 

19:522) 

i  B  H  1 

nil 
i. ;  u 

-m  25 

192/73/58/1586/089  (CT 

19:532) 

3A  1551 

iJQ 

sc-  25 

192/73/58/1585/889/  8/91 

31/  56015  (EH/O  20:532) 

3h  U52 

m 

SCI  25 

192/72/43/1784/889  [W\ 

0  21:552) 

Add  I  Kpur 
jor  LST 

SCT=  7,0  - 
~  ^/\o  ~ 
0\JC^  'O/o 


SA  1751  278  SCI  15  196/65/59/2063/618  (EA/O  22:542) 

64  1S51  278  3CT  15  197/61/  58/2383/818/  8/881/  53883  1B875  28861  (t.4/0  23:562) 


72529  32974  12883  18162  28188  39992  4B197  53883  88081  333  18239  28844  555  91108=  (E!1/!(B88:882! 


34  1951  ES3  m  15  198/59/51/2303/811  m/U  68:542) 

SA  2858  85  SCI  15  199/56/58/2134/011  (ES/KB  81:522) 

5A  2151  35  3CT  15  199/55/53/2184/811/  3/878/  51383  (EH/0  82:542) 
3A  2251  65  SCI  15  193/55/49/2284/011  [WU  83:532) 

54  2353  78  SCI  15  196/53/48/2136/811/  483758848  (BA  84:512) 


I1F1-10B 


Ll.S.  DEPARTMENT  OF  COMMERCE,  MOAA 
NATIONAL  WEATHER  SERVICE 


Stations  WSO  ROCHESTER  NY 

Surface  Weath6?r  Observations  Dates  OCT  10,  199b  To  convert  LST  to  UTCs 


Station 

Br/ 

Tiae 

Pressure 

Full) 

-16- 

-17- 

-10- 

0850 

29.560 

0153 

29.568 

0250 

29.560 

0350 

29.568 

0458 

29.560 

0550 

29.568 

0650 

29.560 

42.7 

0751 

29.575 

8358 

29.575 

8951 

29.575 

60.0 

1651 

29.578 

1151 

29.560 

79.5 

1250 

29.540 

1350 

29.515 

1451 

29.495 

1551 

29.495 

1652 

29,495 

72.2 

1751 

29.505 

65.4 

1851 

29.505 

61.1 

1951 

29.510 

58.9 

2B58 

29.515 

56.8 

2151 

29.515 

54.9 

2251 

29.515 

55.4 

2350 

29.510 

53.4 

[pressure] 

^et  tend-  net  Freci- 

Bulb  ency  chg  pitstion 

-19-  -37-  -38-  -<19- 

8  B83 


5  m 


^2.^  4  009 


[•3.1  1  083 

56.5 

8  612 


6  815 

53.2 

56.3 

55. B  3  603 

54.5 

52.3 

52.2  1  803 

52.0 

56.7 


+  5 


[  FIRST  ] 
Tot. 


TiiB  Sk/  /lit 

Type 

Hgt 

-16-  ■ 

-21- 

-22- 

-23- 

-24- 

0858 

0 

0153 

8 

0251 

8 

0358 

0 

0458 

8 

8 

SC 

69 

8550 

8 

8 

SC 

68 

0658 

8. 

8751 

8 

8858 

8 

8951 

8 

1051 

1 

1 

Cl 

258 

1151 

2 

2 

Cl 

25S 

1258 

L 

n 

L 

Cl 

259 

1358 

6 

6 

Cl 

258 

1451 

7 

i 

7 

Cl 

278 

1551 

4 

4 

Cl 

278 

1652 

1 

1 

Cl 

279 

1751 

1 

1 

Cl 

273 

1851 

1 

1 

Cl 

270 

1951 

8 

8 

AC 

E80 

2858 

1 

1 

AC 

85 

2151 

1 

1 

AC 

85 

2251 

5 

5 

SC 

65 

2358 

3 

3 

AC 

70 

[  CLOUD  LATERS  AHD  OBSCURING  PHEHORENA  ] 

[  SECOND  ]  [  THIRD  ]  [  FOURTH  ]  t  FIFTH  ]  [  SIXTH  ] 

1st.  2i}d,  3rii.  Atb 

ftat  T/pe  Hgt  Sui  Ait  Type  H^t  Sui  Ait  Type.  Hgt  Sui  Ait  Type  Hgt  Soi  Ait  Type  Hgt 

-25-  -26-  -27“23-  -29-  -38-  -31-32-  -33-  -34-  -35- 


Tot 

Opq 

-36 


8 

8 

8 

8 

8 

0 

8 

8 

8 

8 

8 

1 

1 

n 

L 

2 

3 

1 

1 

1 

8 

1 

1 

5 


j 


SjfDoptic  Observations 


Soon 

Sa'-iO» 

Ha3i. 

Kin. 

State 

Soil 

[Station  Pressure] 

Tise  (to. 

Precip. 

Fall 

Depth 

Teip 

Tesp 

of 

leap 

[Coipatations] 

(LSI), 

(ins.) 

(ins.) 

(iiis.) 

(  F) 

(  F) 

Grnd. 

(  F) 

Barograph 

Corr. 

-92-  -93- 

-  99  - 

-  95  - 

-  46  - 

-  47  - 

-  48  - 

-  59  - 

-  56  - 

-  69  - 

-65  - 

Sid  to 

8899 

8.00 

0.0 

44 

43 

8099  1 

8.00 

8.8 

§ 

51 

43 

29.575 

-8.015 

0697  2 

8.00 

0.8 

8 

43 

4B 

29.580 

-0.028 

1258  3 

0.00 

0.8 

i 

73 

43 

29.598 

0.000 

1850  9 

8.00 

0.0 

8 

75 

61 

29.510 

-8.805 

Hid. 

8.00 

8.0 

8 

61 

53 

Susiary  of  bay  (Hidnipht  to  sidnipht) 

21-hr 

[TENPS]  24-hr  Soon  SnoB  [  Peak  Hind  ]  t  Sky  Cover  ]  dater  Sun-  Sun-  Total 

Hai  Hin  Precip  Oniltd  Depth  Spd  Dir.  Tine  SR-SS  Hid-Hid  Equiv,  Rise  Set  San 

(F)  (F)  (ins,)  (ins.)  (ins.)  (kts.)  (LST)  .  (ins.) 

-66-  -67-  -68-  -69-  -78-  -71  72  73-  -78-  -79-  -88- 


4  [Fastest  Kind] 
Psbl  Spd  Dir.  line 
(npb)  (LST) 


75  93 


16  S  1298 


8618  1737  676 


19  1258 


Heather  S  Obstruction  to  Vision 
I/pe  began  end 

-82-  -33-  -89- 

F  8991  8696 


98.  Peiarks,  Notes  t  Miscellaneous  Phenoiena 
Character  of  Sunrise:  fCGSY  Character  of  Sunset;  CLEAR 


Tiie  Check;  8188/8658/7 
H0-B3  COKT  OTS// 


riFi-i@A 


Su.rfacs  Weather  Observation? 


U.S.  DEPARTMENT  OF  COMMERCE,  NOAA 
NATIONAL  WEATHER  SERVICE 

Stations  WSO  ROCHESTER  NY 

Daten  OCT  11.  19913  To  convert  LST  to  UTCs  -rn 


Tyne  Tis?  SkyEeilinq  ysbylixi-Gbsos  Sip/Ieap/I'p/Hrid/Asi/  ReiarksiSuppisientaiCoiledSata 
3A  8^5B  75  SCI  15  19?/5B/4Ay2186/812/  8/878/  53082  18861  23B58  iU  85:511} 

72529  32B74  12186  18192  28078  39997  49199  53B82  31379  333  10239  29944  73B83  555  91196=  (1)A85;53Z) 


Sh  0158 
2A  8252 
0358 
:i  m 

B5u‘y 

:h  0551 
SP  9687 
SF  9619 
SP  0645 
BA  9651 


"i  R 


13  286/52/46/2395/014  (BA  06:512) 

12  289/51/45/2496/915/  93676  (BA  87;53Z) 

6r  2:3/51/47/2406/916/  52814  (BA  98:511) 

4F  222/51/48/2336/919  (DA  99:512) 

21/2F  2285/028/  384^6^68+/  VSBT  E'Sii  3/4  {BA  10:372) 
21/2F  231/51/59/2183/921/  9SBT  E-S^  11/2  (DA  19:522) 
m  2184/021/  F2/  VSBY  1V3  (BH  11:832! 

4\?F  2193/821/  R22yR2ey6e+/  F3  /  VSET  1/292  (BH  11  :282) 
ll/2vF  2184/822/  FI/  VSBY  1V2  (SH  11:472) 
il/2yF  235/59/49/2134/922/  FI/  52829  19952  23859/  VSBT  1 


{BH  11:531) 


72529  31924  82184  18899  23994  38839  48235  52028  74249  333  18239  28188  555  91112:=  (BH11;55Z) 

■3A  8758  258  -SCT  11/2F  239/53/51/2385/823/  U  TUP  53  (IB  12:582) 

SP  8822  259  -SCT  3F  2285/824/  TiR  VSBY  4  (TB  13:232) 

SB  9351  258  -SCI  4K  242/59/52/2383/824  (IB  13:522) 

SB  8952  258  -E/S  7  241/63/52/2388/824/  8/881/  51887  (IB  14:532) 

Si  1852  25B  -SCI  13  239/57/52/2383/824/  CO  VCHIY  SIH  S8-H8  (TB  15:542) 

SA  1152  253  -SCI  15  232/78/47/2289/821/  CU  VCHIY  SIN  AL9BS  (ID  16:542) 

SA  1255  258  -SCI  28  223/73/47/2511/819/  CH  VCHIY  SIH  AL9BS/  3/181/  56817  18873  28858  (IB  17:562) 

72529  316S3  12511  18226  28833  38828  48223  56817  71244  81181  333  18223  28188  555  91113=  (IB17:582) 

SA  1351  258  -SCI  28  216/73/46/2518/817/  CU  VCHIY  3TH  ALQB3  (IB  13:532) 

SA  1458  251  SCI  25  213/74/43/2514/816/  CU  VCHIY  SIH  H-E  (IB  19:512) 

SA  1554  253  -SCI  25  213/72/46/2514/816/  8/881/  56818  (EH/0  28:592) 

SA  1650  253  -SCI  25  213/78/46/2610/816  (EH/KB  21:512) 

SA  1752  258  SCI  !5  214/65/44/2305/816  (EH/KB  22:552) 

SA  13ji 


“  CLS  15  213/61/45/2485/816/  Cl  W  8/801/  53882  18874  28861  (EH/KB  23:572) 


’2529  32974  12485  18162  28072  38988  48213  53882  88881  333  18233  20188  555  91288=  (EM/KBe8:032) 


C.\  \Q\’)  r»  D  IS  TM  c. /  = 
vH  lYDi.  w-;.:*.  i.i  I,:.' -jy/ “jO/ i 


(E8/KB  08:552) 


SA  2151  CLR  15  212/54/46/2284/016/  54000  (EH/KB  82:522) 
SA  2258  CLF;  15  218/53/44/1983/815  (EH/KB  83:522) 

3A  2351  CLR  15  284/53/44/2284/813/  438748858  (BH  84:522) 


MF1-10B 


LI.S.  DEPARTMENT  OF  COMMERCE,  NOAA 
NATIONAL  WEATHER  SERVICE 


Station:  WSO  ROCHESTER  NY  , 

Surface  Weather  Observations  Date;  OCT  11,  1995  To  convert  LST  to  UTC;  +5 


[pressure] 

Station 

5ry 

M 

tend¬ 

■  net 

Preci¬ 

Tise 

Prossure 

Bulb 

Bulb 

ency 

cbg 

pitation 

-16- 

-17- 

-18- 

-19- 

-37- 

-38- 

-46- 

885B 

29.528 

■59.4 

CO 

3 

882 

ene 

29.548 

51.6 

48.5 

82M 

29.558 

51.4 

43.1 

8359 

29.568 

51.1 

48.7 

2 

014 

m 

29.585 

58.8 

49.4 

B551 

29.613 

58.8 

58.2 

9651 

29.620 

49.9 

49.5 

2 

828 

9759 

29.638 

53.2 

51.8 

BS51 

29.648 

58.5 

54.9 

8952 

29.648 

63.2 

56,5- 

1 

887 

1B52 

29.635 

67.3 

53.2 

1152 

29.615 

78.3 

57.8 

1255 

29.593 

72.6 

57.8 

6  . 

817 

1351 

29.579 

73.4 

53.8 

.  1^58 

29.568 

73.9 

57.8 

1554 

29.568 

6 

618 

1659 

29.563 

1752 

29.560 

65.1 

53.7 

1351- 

29.555 

61.1 

52.3 

8 

832 

1952 

29.568 

53.3 

51.5 

2851 

29.563 

55.9 

58.5 

2151 

29.555 

53.9 

.  49.8 

4 

886 

2258 

29.558 

53.1 

43.5 

2351 

29.535 

52.5 

48.2 

[  CLOUD  LAYERS  AHD  OBSCllRIHG  PHEHOHENA  ] 

[  FIRST  ]  [  SECOHD  ]  [  THIRD  ]  [  FOURTH  ]  [  FIFTH  ]  [  SIXTH  ] 

Tot.  l5t.  2nd.  3rd.  4th  Tot 

Tile  Sky  Ast  Type  Hpt  Ast  Type  Hgt  Sus  Ast  Type  Hgt  So*  Ast  Type  Hgt  Sue  Ait  Type  Hgt  Sui  Ait  Type  Hgt  Opq 

-14-  -21-22-  -23-  -24-  -25-  -24-  -27-28-  -29-  -38-  -31-32-  -33-  -34-  -35- 


8858  1  1  AC  75 

8158  8 

3252  3 

8358  8 

3458  8 

8551  8 

8651  1  1  F  8 

8758  1  1  Cl  258 

8851  5  5  Cl  259 

8952  4  4  Cl  258 

1852  3  8  CLI  35  3  Cl  258  3 

1152  1  8  CO  35  1  Cl  258  1 

1255  1  8  CU  48  1  Cl  258  1 

1351  3  8  CU  45  3  Cl  258  3 

1458  5  8  CU  58  5  Cl  258  5 

1554  2  2  Cl  258 

1458  2  2  Cl  258 

1752  1  1  Cl  258 

1851  8  8  Cl  258 

1952  8 

2851  8 

2151  8 

2253  8 

2351  8 


1 

8 

8 

8 

8 

8 

1 

8 

I 

I 

'> 

L 

1 

§ 

8 

1 

1 

1 

1 

6 
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8 

8 

8 

8 


Synoptic  Observations 

SnoB  SnoB  Hax.  Hin,  State  Soil  [Station  Pressure] 

lise  Ho.  Precip.  Fall  Depth  lesp  Teip  of  Tesp  [Coiputations] 

(LSI)  (ins.)  (ins.)  (ins.)  (  F)  (  F)  Brnd.  (  F)  Baro5raph  Corr. 

-^2-  -43-  -  44  -  -  45  -  -  46  -  -  47  -  -  4B  -  -  5e  -  -  56  -  -  64  -  -65  - 

Hid  to 

3849  8.88  8.8  53  58 

884?  I  8.88  8.8  8  61  53  29.525  -6.805 

864?  2  8,88  8.8  8  52  53  29.625  -8.885 

1254  3  B.B8  8.8  3  73  58  29.688  -8.818 

1858  4  8.80  0.8  8  74  61  29.568  -8.885 

Hid.  8.88  8.6  3  61  53 


Susiary  of  Day  (Hidni^ht  to  lidni^ht) 


24-hr 

[TEHPS] 

24-hr 

Snov  SnoB 

[  Peak  Hind  ] 

[  Sky  Cover  ] 

Hater 

Sun- 

Sun-  Total 

^  [Fastest  Hind] 

Rai  Hin 

Precip 

liniltd  Depth 

Spd  Dir.  liie 

SR-SS  fiid-Hid 

Eguiv, 

Rise 

Set  Sun 

Psbl  Spd  Dir.  liie 

(F)  (F) 

(ins.) 

(ins.)  (ins.) 

(kts.j  (LSI) 

(ins.) 

(iph)  (LST) 

-66-  -67- 

-68- 

-69-  -73- 

-71  72  73- 

-78-  -79- 

-80- 

74  58 

3.88 

0.3  e 

23  H  1548 

3  1 

061? 

1735  605 

89  16  25  1554 

Ileather  S  Obstruction  to  Vision 
Type  began  end 

-82-  -33-  -84- 

F  3333  3849 

H  3849  3948 

98.  Resarks,  Holes  &  Hiscellaneous  PbenDiena 
Character  of  Sunrise;  FOBBY  Character  of  Sunset;  CLEAR 


Tile  Check;  3133/0645// 

//H0-e3  OIS  COHT//FASTEST  2-HIH  HHD  LAST  OF  SEVERAL  OCCORREHCES// 


MFl  0  A 


U„S,  DEPAF.;TMENT  OF  COIHIERCE,,  NOAA 
NATIONAL  yEATHER  SiERVICE 


Surface  Weather  Obser 


Station:  WSO  ROCHESTER  NY 

Date;  OCT  12 ^  1995  To  convert  LST  to  UTC:  + 


Type  lies  SkyEeilinq  VsbyilIjM&sqs  Sip/Tesp/Sp/Snd/Aei/  i!e«3rk5?iSupplejentilCodei)Datj 
SS  e854  CLP:  15  284/53/46/2187/813/  57997  18861  28853  (BN  85:562) 

72529  32974  82187  18116  28878  38982  48284  57887  333  18233  23188  78389  555  91286=  (B8B5:56Z) 


SA  8154  CIS  15  282/52/45/2187/813  (BN  96:552) 

SA  8258  CLH  15  159/51/43/2806/812/  98685  (BA  07:512) 

?B  8358  Lie  15  199/51/44/2885/812/  56805  (BA  03:512) 

:A  8458  CLR  15  159/51/42/2186/812  (BA  89:512) 

;A  8558  258  -SCI  28  288/51/43/2266/812  (BA  18:522) 

SA  8658  253  -SCT  28  262/52/42/2289/013/  8/881/  53882  13653  28851  (BA  11:512) 


72529  32588  12289  18113  28956  39993  48282  53882  88881  333  18233  28186  555  91212=  {!)AI1:522) 


SA  0753  253  -SCI  23  263/59/46/2187/813/  U.  TUP  57  (TB  12:512) 

SA  8859  258  -ECT  28  286/65/47/2396/014  (TD  13:512) 

SA  8952  CLR  28  283/71/49/2511/013/  Cl  E/  8/081/  58882  (TB  14:532} 

SA  1851  CCR  28  199/75/52/2419/912  (TB  15:522) 

5A  1151  CLP:  29  197/77/52/2510/011  (TB  16:522) 

5A  1251  CLR  29  191/89/55/2512/910/  53BI8  18089  29B52  (TD  17:532) 

72529  329S0  82512  18264  28123  39998  48191  53818  333  18267  28136  555  91213=  (T317:56Z) 


SA  1351  CLR  28  138/88/54/2412/887  (TB  18:522) 

SA  1453  CLR  29  138/81/54/2511/089  (TB  19:512) 

SA  1558  CLR  28  133/79/53/2512/889/  57883  (NP  28:512) 

SA  1658  CLR  28  187/78/57/2508/893  (NF  22:172) 

SA  1758  CLR  28  137/79/56/2TB5/0B8  (NP  22:532) 

SA  1850  CLR  29  159/68/57/2:85/889/  54909  18381  2886B  (HP  23:492) 


72529  31938  82285  19288  28139  39986  40189  54808  78288  333  18272  20106  555  91388=  (NP23:51Z) 


SA  1958  CLR  20  198/66/55/2186/009  (HP  09:492) 

SA  2050  CLR  29  198/62/53/2186/889  (NP  91:492) 

SA  2151  CLR  29  138/61/54/1996/089/  54988  (HP  82:522) 

SA  2250  CLR  28  183/53/53/2105/889  (NP  83:482) 

SA  2358  CLR  29  1S4/57/49/2984/898/  489810951  (BA  84:512! 


MF1-10B  '  Ll.S.  DEPARTMENT  OF  COMMERCE,  NOAA 

NATIONAL  WEATHER  SERVICE 

Stations  WSO  ROCHESTER  NY 

Surface  Weather  Observations  Date:  OCT  12,  1995  To  convert  LST  to  UTC:  +5 


[presEure] 
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Dry 

M 

tond-  net 
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PresE-ure 

Biilb 

ency  cbg 

pitation 

'17- 

-18- 

-19- 

-37“  -38” 

-40- 

8354 

2?, 535 

52.9 
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7  087 

8154 

29.538 

52.3 

48.5 

8258 

29.520 

51.2 

47.1 

8358 

29.528 

5B.6 

47.2 

6  885 

8458 

29.528 

53.6 

46.5 

8558 

29.520 

58.5 

46.8 

8650 

29.525 

52.4 

47.3 

3  082 

8758 

29.530 

58.5 

51.6 

8858 

29.548 

65.0 

55.1 

8952 

29.530 

71.1 

53.2 

6  802 

1851 

29.523 

75.1 

61.0 

1151 

29.515 

77.4 

62.1 

1251 

29.508 

79.5 

/  A  •) 

v-i.L 

8  018 

1351 

29.498 

88.4 

64.8 

1458 

29.498 

38.6 

64.0 

1553 

29.498 

7  803 

li.5B 

29.485 

1758 

29.485 

1358 

29.498 

4  000 

1958 

29.495 

2858 

29.495 

2151 

29.498 

4  000 

2258 

29.498 

2358 

29.488 

Synoptic  Observations 


Snov 

Snow 

Hai. 

Hin. 

state 

Soil 

[Station  Pressure] 

Tile 

No. 

Precip. 

Fall 

Depth 

Tesp 

Teip 

of 

leip 

[Coiputations] 

(LSI) 

(ins.) 

(ins.) 

(ins.) 

(  F) 

!  F) 

Grnd. 

(  F) 

Barograph 

Corr. 

■ 

-43- 

-  44  - 

-  45  - 

■  46  - 

-  47  - 

-  48  - 

-  58  - 

-  56  - 

-  64  - 

-65  - 

Hid  to 

88A7 

8.B8 

8.8 

53 

53 

88A7 

1 

8.88 

6.8 

8 

61 

53 

29.548 

-8.885 

8649 

n 

L 

0.88 

8.6 

8 

53 

51 

29.525 

8.888 

1249 

3 

8.88 

8.8 

8 

88- 

52 

29.588 

8.888 

1358 

4 

8.88 

8.0 

8 

31 

68 

29.495 

-8.805 

Hid. 

8.88 

8.8 

8 

66 

5? 

Siisiary  cf  Cay  (fiidnight  to  midnight) 


24-hr 

[TEHPS] 

24-hr 

SfiDV  Sno» 

[  Peak  Wind  ]  [  Sky  Cover  ] 

Water 

Sun- 

Sun- 

Total 

’i  [Fastest  Wind] 

Hax  Sin 

Precip 

Onsitd  Depth 

Spd  Dir.  Tifie  SF:-SS  Sid-Hid 

Eguiv, 

Rise 

Set 

Sun 

Psbl  Spd  Dir.  Tiie 

(F)  IF) 

(ins.) 

(ins.)  (ins.) 

(kts.)  (LST) 

(ins.) 

(aph)  (LST) 

-66-  -67- 

-68- 

-69-  -78- 

-71  72  73-  -73-  -79- 

-88- 

31  51 

8.88 

e.B  3 

13  SW  1248  e  3 

0628 

1734 

617 

92  14  25  1558 

leather  h  Obstruction  to  yision 
Type  began  end 

-82-  -B3-  -3^ 

««  None  Logged  »» 


98.  Reiarks,  Notes  ^  Niscellaneous  Phenoiena 
Character  of  Sunrise:  CLEAR  Character  of  Sunset:  CLEAR 


Tiie  Check:  0111/8A4i// 

HO-83  OIS  C0HT//FA3TEST  2-HIH  NIHC  SPEED  WAS  LAST  OF  SEVERAL  OCCURRENCES 


Sinale-Station  RAOB  data  for:  BUF 
Date:  10/12/95  Time:  12  UTC 
F'age  -  1 


*:*#)(!)ic*****COHVECTIVE  IMDICES***m**** 


Lifted  Index  Q  ?00rnb-.- 
0  300fflb, - . 

Showalter  Index . 

6 

9 

7 

1  *13 

Cross  Totals  (CT) . 

Vertical  Totals  (VT)-..- 
Total  Totals . 

. . -  •  • 

14 

26 

40- 

0  J/kg 

Sweat  Index . 

4 . 5 

B- . - . . 

0  J/kg 

Max  UVV . . 

0  m/s 

K  Index . 

0 

Precipitable  Water . 

0.57  in 

BRN . . . 

0 

700~500n'ib  Lapse  Rate... 

7.^  C/km 

Energ/ZHelicity  Index.. 

0 . 00 

*********  STORM  ENVIRONMENT 


STORM  MOTION:  2'13/  35 

_ _ 


DEPTH 

SHEAR 

HELICITY 

ItlEAN  WIND 

riEAH  ST0R11 

VORTICITY  ; 

AGL 

m 

Pos 

Neg 

[10-3  s 

Tot 

-1) 

Pos 

Neg 

(m/s) '-‘2 

Tot 

(m 

5>ve 

s-2) 

Rel  ; 

Vector 

(Dir/kl) 

Inflow 

(Dir/kt) 

Horn 

(10-3 

stream; 
s-1)  ; 

1000 

14.1 

7.4 

21-5 

184 

-7 

177 

177.0 

0.901 

213/29 

116/18 

33.94  1 

30.43  ; 

2000 

9.1 

4.3 

13.5 

192 

-17 

175 

87.5 

0.49; 

214/36 

140/18 

21.42  ; 

10.52  ; 

3000 

4.8 

3-0 

7.8 

212 

-37 

175 

53.3 

0.52; 

212/40 

150/20 

12.86  : 

6-73  ! 

4000  ' 

4.8 

2.0 

7.1  ■ 

249 

-37 

212 

53.0 

0.62; 

213/.43  ; 

157/21 

10.58  : 

6-54  ; 

5000 

6000 

3.9 

3.3 

2.3 

2.4 

6.6 
5.7  : 

264 

273 

-41 

-52 

223 

221 

44.6 

36.8 

0.53; 

0.54; 

213/45 

213/47 

162/22 

166/24 

10.12  ; 
8-02  : 

5 . 0  5  ( 
4.31  ; 

****m**!l:***  WIND  DATA  tUmttUttt 


HEIGHT  ; 

GROUND  RELATIVE 

*  • 

•'dir  ; 

Speed  ; 

u-mag 

AGL  (m,)  1 

1 

1 

kt  ; 
1 

m/s 

m/s 

0.0  ; 

'  ■  ■  -1 

'190. e; 

14.0; 

7.2: 

-1.3 

235.0 

203.0; 

33.0; 

17-0; 

-6'.6 

785.0  ; 

229.0; 

43.0; 

22.1; 

-16.7 

1235.0 

•  219.0; 

44-0: 

22.7* 

-14.3 

1705.0. 

210.0; 

53.0; 

27.31 

-13.6 

2285.0;  * 

210-0; 

54.0; 

27.8: 

-13.7 

2785.0  ; 

210.0; 

50.0; 

25.7; 

-12.9 

3285.0 

214-0; 

54.0: 

27.8 

-15.5 

3785.;  0  ; 

.  215-01 

55.0; 

28.3 

-16.2 

4285.0  1 

L  215.0; 

57.0 

29.3 

-16.8 

476^.^  ! 

1 .214.01 

61. 0; 

1  31.41 

-17.6 

5285'.  0 

f:*  211.0! 

65-0! 

33 . 5 ; 

.-17.2 

5785V0. 

:/2i0.0: 

66.01 

34.0: 

-17.0 

6285-0 

i;.213.0 

64-0 

■  32 . 9 

-17.9 

6785-0 

;  217.0 

62.0 

31.9 

-19.2 

7285-0 

;  223.0 

60-0 

30.9 

-21.1 

7785.0 

1  22  5-.  0 

61.0 

31-4 

”22 . 2 

8235.0 

;  225.0 

61.0 

31.4 

—22  2 

8785.0 

;  225.0 

65.0 

33.5 

-23.7 

STORM  RELATIVE 


-maq  ; 

dir  ; 

speed  : 

a-maq  ;v-mag 

m/s',  ; 

1 

1 

kt  : 

m/s  ; 

m/s  ;  m/s 

• 

-7.1; 

1 

85.2; 

29.2; 

15.0: 

1 

15.0;  1.3 

-15.6; 

127.2; 

23.4; 

12.0; 

9.6;  -7.3 

-14.5; 

134.4; 

12.0; 

6.2; 

-0.5;  -6.2 

-17.6; 

168. 0; 

18-4; 

9.5; 

2.01  ”9-3 

-23.6; 

170.4; 

30, 1; 

15.5; 

2.6;  -15.0 

-24.1 ; 

171.6; 

30.9; 

15.9; 

“15*7 

-22 . 3 ; 

166. 5; 

27.9; 

14.3; 

3. a:  -13.9 

-23.0: 

177.5; 

23.6; 

.1.4.7; 

0.7;  -14.7 

-23.2; 

130.0; 

23.8; 

14.8; 

-0.0!  -14.8 

-24.0: 

132.2; 

00 . 5 1 

15.7; 

-0.6!  -15.7 

-26.0; 

134.3; 

34.4; 

:  17.7; 

-1.3!  -17.7 

-28.7; 

132.8; . 

39.51 

.  20.41 

-1.0:  -20.3 

-29.4; 

182. 1; 

41.01 

21,1 1 

-0.8!  -21.1 

-27.61 

135.1: 

37.6 

19. 4i 

-1.7!  -19.3 

-25.5; 

189.9; 

.33.8 

17.4! 

-3.0!  -17.1 

-22.6; 

198.8; 

29.2 

15.0 

-4.8!  -14.2 

_oo  0  » 

203. 3;' 

29.3 

15.1 

-6.0!  -13.9 

-22.2; 

200.0 1 

29.3 

15.1 

-6.0!  -13.9 

-23.7; 

205.9; 

00  •  1 

17.0 

-7.41  -15.3 

Sinqle-Stfltion  RAOB  clatci  tors  BUF 
Date:  .1.0/12/95  Time:  12  UTC 
Page  -  2 


LEVEL 

PRES 

HGT  (AGL) 

TEMP 

DEWPT 

TH-W 

TH-E  1 

mb 

:  ft 

m 

C  1 

F  • 

c 

F 

K 

K  1 

SFC 

987 

0 

0 

15.4; 

59.7 

4.4 

39.9 

2S3.4 

306.1 ; 

LPL 

925 

:  1311 

552 

13.21 

55.8 

3.4 

38.1 

234.7 

309 . 6 1 

LCL 

832 

4720 

1439 

11.11 

51.9 

0.1 

32.1 

286.6 

315.11 

WBZ 

767 

6927 

2112 

9.31 

43.7 

-17.0 

.1 . 3 

234.9 

.310.31 

FZL 

637111841 

3610 

-0 . 0 1 

o2  *  0 

-24.7 

-12.5 

286. 5 

314.71 

EL 

-999 

!  -999 

-999 

-999.01- 

999.0 

-999.0 

-999.0 

-999.0 

-999.01 

TROP 
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42873 

13071 

-62.61 

-80.7 

-999.0 

-999.0 

-999.0 

-999.01 

MPL 

-999 

1  -999 

-999 

-999.01- 
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-999.0 

-999.0 

-999,0 
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- 4- 
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PRESSURE 
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TEMP 
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ft 

m 

c 
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59.7 

4,4 
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4.9 
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5.7 
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-14,4 
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-1,1 
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-4 . 7 
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A  synoplic  obsorvailon,  in  HMO  code  format  FH12-VII,  is  entered  on  lino  following  related  aviation  observation 
FM12-V!!:  Iliii  iRiXHVV  Nddff  IsnTTT  2snTdTdTd  3PoPoPoPo  4PPPP  Sappp  GRRRtR  7whW1M2  fiNhClCmCh 


A  synoptic  oDservation,  In  WHO  code  formal  FM12-VIL  is  entered  on  lino  following  related  aviation  observation 
FM12-VII:  Iliii  iRiXHVV  Nddff  IsnTTT  2snTdTdT  3PoPoPoPo  4PPPP  5appp  bRRRlR  7wwmH2  GNhClCmCh 
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Appendix  F 


Sensitivity  Analysis 

Meteorological  Data 
Material  Parameter  Data 
Time  History  Data 


Weather  Parameter  Sensitiviy  Analysis 
Weather  Parameter:  Temperature 


Read  in  the  resulting  output  files  from  THERM  for  the  Direct  &  Diffuse  Insolation  Sensitivity  Analysis. 

temp_2  :  =  RE ADPRN(  temp_2  )  values  :  =  0 . .  2 

temp_4  := READPRN(temp_4)  Resp  ;= READPRN(bendix) 


temp_5  :  =  READPRN(temp_5) 
temp_6  :  =  READPRN(temp_6) 
temp_12  :  =  READPRN(temp_12) 
temp_13  :  =  READPRN(temp_13) 
temp_  18:  =  READPRN(  temp_  1 8 ) 
temp_25  :  =  READPRN(  temp_25 ) 
temp_40  :  =  READPRN(  temp_40 ) 
temp_41  :  =  READPRN(temp_41 ) 


temp_43  :  =  READPRN(temp_43) 
temp_50  :  =  READPRN(temp_50) 
temp_52  :  =  READPRN(  temp_52 ) 
temp_5  3  :  =  RE ADPRN ( temp_5  3 ) 
temp_54  :  =  READPRN(temp_54) 
temp_65  :  =  READPRN(  temp_65 ) 
temp_75  :  =  READPRN(temp_4) 
temp_85  :  =  READPRN(temp_85) 


Read  in  the  variation  in  temperature  that  was  caused  by  the  variation  in  the  material  parameter  values,  treating 


THERM  as  a  black  box. 

Parameter  Array 

sf^  :  =  temp_2^  ^  l 

sf^  :  =  temp_4Q  ^  emis^  :  =  temp_4Q  ^ 
sf^  =temp_5^  2  -^^rnP_^o  i 

sf^  ;  =  temp_6^  ^  emis^  :  =  temp_6^  ^ 
sf^  :  =  temp_12^  ^  emis^  :  =  temp_12^  ^ 
sf^  ;  =  temp_13^  ^  ^niis^  :  =  temp_l3^  ^ 
sf^  :  =  temp_  1 8^  ^  "  temp_  1 8^  ^ 

sfg  :  =  temp_25^^ 2  emis^  :  =  temp__25^^  ^ 
sf^  ;  =  temp_40^  ^  ^niis^  ;  =  temp_40^  ^ 


sf,0  •  =  1 0,2  1 0. 1 

sfjj  :  =  temp_43|j  ^  emiSj^  :  =  tenip_43|j  ^ 
sfj2  :  =  temp_50j^  ^  =temp_50^  ^ 

:  =  temp_52^  2  ®™®i3  =temp_52Q  ^ 

sfj4  :  =  temp_53^_2  ^"“^4 

sfjj  :  =  temp_54^j  ^  emis^^  :  =  temp_54^  ^ 

sfjg  :=temp_65p  ^  :  =  temp_65^  ^ 

sfj^  :  =  temp_75^  2  :  =  temp_75|j  ^ 

sfjg  :  =  temp_85^  2  ■  =  tenip_85Q  ^ 


Temperature  Array  -  Converted  from  Celsius  to  Kelvin 
T_2  ;  =  temp_2*^^  ^  *f-  27 3 . 1 5 
T_4  :  =  temp_4'^^^  -h  273 . 1 5 
T_5  ;  =  temp_5''^^  t-  273.15 
T_6  :  =  temp_6^^  ^  -h  27 3 . 1 5 
T_12  :  =  temp_12*^^^  +  273.15 
T_13  :  =  temp_l3'^^^  +  273.15 
T_18  :  =  temp_18^^^  ^  273.15 
T_25  :  =  temp_25'^^^  4-273.15 
T_40  :  =  temp_40'^^^  -h  273.15 
T_41  :  =  temp_4l"'^^  4-273.15 
T_43  :  =  temp_43*^^^  4-  273.15 
T_50  :  =  temp_50'^^^  4-273.15 
T_52  :  =  temp_52''^^  4-  273.15 
T_53  ;  =  temp_53’^^^  4-  273.15 
T_54  :  =  temp_54*^^^  -h  273.15 
T_65  :  =  temp_65'^^^  -h  273.15 
T_75  :  =  temp_75'^^^  4-  273.15 
T_85  :  =  temp_85^^^  +  273.15 


The  material  properties  and  temperatures  are  shown  below 
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Convert  the  temperatures  to  radiance  values  using  the  Plank  equation. 
,-23 


k:=  1.38- 10 
c  :  =  2.99792459- 10' 
h:  =  6.626176  10'^‘* 
jmin 

jmax  =14 
n  :=.l 


,8 


263.036  \ 

/  263.354  \ 

T_2  = 
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1259.03 1 

1 259.342  / 

265.769 

267.287  1 
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1 264.465  / 

1 265.558] 

! 
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I 
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I 

k  “  Boltzmann  constant  (J/K) 
c  -  speed  of  light  (m/sec) 
h  -  Planck's  constant  (J/sec) 

jmin '  minimum  wavelength  (gm)  in  the  bandpass  of  interest 
jmax  -  maximum  wavelength  (gm)  in  the  bandpass  of  interest 
n  -  wavelength  increment  for  bandpass  (gm) 


;  -  p  -  number  of  steps  in  the  bandpass  of  interest 


J  -0..(p-  1) 


j  -  index  for  the  wavelength  array 


L  :  =  ( j  •  n  -h  jmin)  -10^  X  -  in  the  bandpass  of  interest 
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L  2  ground  ,  :=^Resp.-L  2(l.,T  2  .  V(n-10"^) 

_  values  /  i  J  ~  \  J  ~  values/  ^  ’ 

j 

L  4  ground  ,  :='y^Resp.-L  4fL,T  4  ,  V(n-10‘®) 

—  values  /  1  —\j  values/  ^  ' 

J 

L  5  ground  :='y^Resp.-L  5f),.,T  5  ,  Vfn-lO’^) 

_  values  /  i  J  “  \  J  ^  values/  ^  ‘ 

J 

L-6-ground^^,^^^  :  =  2Resp.L_6(L,T_6^^,  J-  (n-  lO'®) 

j 

L  12  ground  ,  -VResp.L  12fL,T  12  ,  V(n  lO'^) 

—  — values  /  I  —  \  J  values/  '  ' 

j 

L  13  ground  :=y^ Resp.  L  13fL,T  13  ,  V(n  lO“®) 

—  — ^  values  /  I  J  ~  \  J  values/  ^  ‘ 

j 

L  18  ground  ,  :=yResp,  L  18fX.,T  18  .  V(n  lO'^) 

—  — ^  values  /  I  rj  _  ^  _  values/  ^  ' 

J 

L  25  ground  .  :=VResp.  L  25fL,T  25  ,  Vfn  lO'^) 

J 

L  40  ground  ,  -VResp.L  40fX.,T  40  ,  VUlO'^) 

J 

L  41  ground  .  -V Resp.  L  41  fL,T  41  ,  V(n  l0‘^) 

—  — values  /  I  —  \  J  ^  values/  ^  ' 

J 

L_43_ground,.,^  I-_43(VT_43..  J-  (n  10-<>) 

J 

L_50_ground^^j^^^  Resp.L  JO  (x.,  T_50^^jJ  •  (n- 10'^) 

J 

L_52_gro>md,.,^  :=^R.^..L_52(l..T_52..,^)  („-10-‘) 

J 

L  53  ground  ;=y Resp.  L  53fx.,T  53  ,  V(n-10‘^) 
J 

L-54_ground^^,„^  :=^Resp..L_54(L,T_54^^,^^J.  (n-  lO'^) 

j 

L  65  ground  ,  :=y Resp.  L  65fL,T  65  ,  Vfn  lO'^) 

—  — values  /  I  rj  _  y  _  values/  ^  ' 

J 

L_75_ground  '^Resp  •L_75  ,T_75  '  •  ^n- 10'®'' 


Integrate  the  surface  radiance  across  the 
bandpass  of  interest  (8-14  gm)  -  including 
the  sensor  response  function. 

Calculated  at .  Ifim  increments 


L_75_ground^^,^^^  ,=^Resp.  L_75^L,T_75^^,^^^j- yn- 10  ^ 

j 

•L_85_ground^^,^^^  ;=^Resp.  L_85 (l,T_85^^,  J- (n-  IQ-*^) 

j 

L_bb_groimd^^^  :=y^Resp.-L_bb(X.,T_bb^^^)-  (n- 10'®)  AL_bb  :  =  L_bb_groundj  -  L_bb_groundQ 

J  AL_bb  =0.615 

Propagate  the  radiance  of  the  target  to  the  radiance  reaching  the  sensor  using  the  big  equation,  simplified  for 
use  in  the  LWTR  and  assuming  a  shape  factor  of  1 .0 

x2:=.9  Lh£:=2,51  Ld£:=4.289  Lb£:=20.41  materials -0„  18  :=  1  -  emis_^teriaU 

L_2_sensor^^,^^^  :  =  [emiSj-L_2_ground^^,^^^+  [sfj-Ld£+  (l  -  sfJ-Lb£]-rj]-t2  +  Lps 

L_4_sensor^^,^^^  :  =  [emiS2L_4_ground^^,^^^  +  [sf2-Ld£4-  (l  -  sf2)-Lb£j-rJ  x2  +  Lps 

L_5_sensor^^,^^  ,-[emiS3-L_5_ground^^,^^^+  [sfj-Lds^  (l  -  sf3)-Lb£]T3]-T2  +  Lps 

L_6_sensor^^,^^  :=[emis^L_6_ground^^,^^^+  [sf^Lde^  (l  -  sf4)  Lb£]Tj  x2  +  Lpe 

L_12_sensorv^iugs  ■”  [^^s^'L_12_ground^^j^^^  ^  j^sf^-Lds-h  -  sf^yLbej-r^j-t2  -h  Lgs 
L_13_sensor^^,_^^^  :=  [emiSg  L_13_ground^^,^^  ^  [sf^-Lds^  (l  -  sfg)  Lb£]Tj  t2  +  L^s 

L_18_sensor^^,^^^  :  =  [emisyL_18_ground^^,^^+[sfyLds^  (l  -  sfJ-Lb£]-rJ-T2  +  Lps 

L_25_sensor^^,^^^  :  =  [emiS3  L_25_ground^^,^^^+- [sfg-Ld£^  (l  -  sf3)  Lb£]  rg]  t2  +  Lps 

L_40_sensor^^,^^^  :=[eiius^-L_40_ground^^,^^^+- [sfg-Ld£-h  (l  -  sfg)-Lb£]  rJ-T2  +  Lm£ 

L_41_sensor^^,^^^  :  =  [emiSjQ-L_41_ground^^,^^^+  [sfjg-Ld£+  (l  -  sfjj  Lb£]TjJ-x2  ^ Ln£ 
L_43_sensor^^,^^^  :  =  [emiSjj  L_43_ground^^,^^^+  [sf^^  Lck^  (l  -  sf,  J-Lb£]Tjj]  x2  ^  Lp£ 

L_50_sensor^^,^^^  :  =  [emiSj2  L_50_ground^^,^^+  [sf,2-Ld£+  (l  -  sf,2)-Lb£]  r,J-x2  ^  Lp£ 

L_52_sensor^^,^^^  :=[emiSj3  L_52_ground^^,^^^  [sf,3-Ld£+  (l  -  sfj3)-Lb£]  r,3]-x2  ^ L^l£ 
L_53_sensor^^,^^^  :  =  [eims^4-L_53_ground^^,^^^+ [sfj4Ld£+  (l  -  sfjJ-Lb£l-r,J-x2 i- Lps 

L_54_sensor^^,^^:  =  [emiSj3-L_54_ground^^,^^^+[sfj3-Ld£+  (l  -  sfj3)-Lb£]-rj3]-t2  ^  L|i£ 


L  65  sensor  ,  :=[emis,^-L  65  ground  ,  [sf,^-Ld8+ (^1  -  sf^VLbElr, ,  i-x2 -{- Lus 

—  —  values  [  16  —  values  l  \  J 

L_75_sensor^^,^^^  :  =  i  emiSj^-L_75_ground^^l^^^  +  [sfjyLd£+  (l  -  sfjJ-LbE]T,J-x2  ^  Lus 

L_85_sensor^^,^^^  -  [emis,g-L_85_ground^^,^^^  i- [sf,^-Ld£+  (l  -  sf^  VLb£]-rjJ  t2  +  L|X£ 

Write  out  the  results  of  the  sensitivity  analysis 

sens^  :  =  slope( temp ,  L_2_sensor)  sens^  :  -  slope(  temp ,  L_  1 8_sensor )  sens :  =  slope( temp , L_52_sensor ) 
sens^  -  slope( temp ,  L_4_sensor )  sens^ :  =  slope(  temp ,  L_25_sensor )  sens =  slope( temp ,  L_53_sensor ) 
sens^  ;  =  slope(temp,L_5_sensor)  sens^  :  =  slope(temp,L_40_sensor)  sens^^  :  =  slope ( temp, L_54_sensor) 
sens^  -  slope  (temp,  L_6_sensor)  sens^^  ;  =  slope  (temp,  L_41_sensor)  sens^^  :-slope(temp,L_65_sensor) 
sens^  :  =  slop  e(  temp,  L_12_sensor)  sens^^  =  slope  (temp,  L_4  3  _sensor)  sens  -  slope(  temp,  L_75_sensor) 
sens^  .  =  slope(temp,L_13_sensor)  sens^^  -  slop e( temp, L__50_sensor)  sens^^  :  =  slop e( temp, L_85_sensor) 


sens^  =[ 


-0.354  -0.349  -0.357  -0.35  -0.328  -0.345  -0. 1 54 


temp_sens 


sens 
AL  bb 


temp_sens  =  I 


r..  t 

-0.575  -0.568 


4  ;i  7  : 

-0.57  -0.534  -0.561  -0.25 


WRITEPRN(results_temp )  :  =  temp_sens 


Meteorological  Parameter  Sensitivity  Results  -  Temperature 

The  following  graphs  show  the  change  in  radiance  at  the  sensor  as  the  material  parameter  of  the  object  on 
the  ground  was  varied.  The  resulting  linear  regression  shows  the  final  output  sensitivity  of  the  matenal 
parameter. 


Temperature  Sensitivity  -  Material  2 


Temperature  Variation  (%) 

^  Material  Radiance 

senSj  =-0.354 


Temperature  Sensitivity  -  Material  4 


Temperature  Variation  (%) 

Material  Radiance 
sens^  =-0.349 


Temperature  Sensitivity  -  Material  5 


sens^  =-0.357 


Temperature  Sensitivity  -  Material  6 


Temperature  Variation  (%) 

Material  Radiance 


sens.  =-0.35 

4 


Meteorological  Parameter  Sensitivity  Results  -  Wind  Speed 

The  following  graphs  show  the  change  in  radiance  at  the  sensor  as  the  material  parameter  of  the  object  on 
the  ground  was  varied.  The  resulting  linear  regression  shows  the  fmal  output  sensitivity  of  the  material 
parameter. 


Temperature  Sensitivity  -  Material  2 


Temperature  Variation  (%) 

^  Material  Radiance 


sens^  =-0.139 


Temperature  Sensitivity  -  Material  4 


Temperature  Variation  (%) 

Material  Radiance 


sens^  =-0.128 


Temperature  Sensitivity  -  Material  5 


Temperature  Sensitivity  -  Material  6 


Temperature  Variation  (%) 

^  Material  Radiance 


sens^  =-0.13 


sens.  =-0.122 
4 


Meteorological  Parameter  Sensitivity  Results  -  Insolation 

The  following  graphs  show  the  change  in  radiance  at  the  sensor  as  the  material  parameter  of  the  object  on 
the  ground  was  varied.  The  resulting  linear  regression  shows  the  final  output  sensitivity  of  the  material 
parameter. 


Temperature  Sensitivity  -  Material  2 


Temperature  Variation  (%) 

^  Material  Radiance 
sens^  =-0.024 


Temperature  Sensitivity  -  Material  4 


sens^  =-0.003 


Temperature  Sensitivity  -  Material  5  Temperature  Sensitivity  -  Material  6 


sens^  =  -0.0 1 2  sens^  -  -0.0 1 2 


Meteorological  Parameter  Sensitiviy  Analysis 
Transmission,  Upwelled  «&  Downwelled  Radiance 


Read  in  the  resulting  output  files  from  THERM  for  the  Direct  &  Diffuse  Insolation  Sensitivity  Analysis. 


atmos_2  ;  =  READPRN(insol_2) 
atmos_4  :  =  READPRN(insol_4) 
atmos_5  :  =  READPRN(insol_5) 
atmos_6  :  =  READPRN(insol_6) 
atmos_  12:= RE  ADPRN  ( temp_  1 2 ) 
atmos_  13:  =  READPRN(  insol_  1 3 ) 
atmos_18  :  =  READPRN(insol_18) 
atmos_25  : = READPRN(  insoi_25 ) 
atmos_40  :=READPRN(insol_40) 
atmos_41  :  =  READPRN(insol_41 ) 


mats  :  =  0..  18 

Resp  :  =  READPRN(bendix) 
atmos__43  :  =  READPRN(  insol_43 ) 
atmos_50  : = READPRN(  insol_50 ) 
atmos_52  :  =  READPRN(insol_52) 
atmos_53  : = READPRN(  insol_53 ) 
atmos_54  :=READPRN(msoi_54) 
atmos_65  :  =  READPRN(msol_65) 
atmos_75  :  =  READPRN(insol_4) 
atmos  85  :=READPRN(insol_85) 


Read  in  the  variation  in  temperature  that  was  caused  by  the  variation  in  the  material  parameter  values,  treating 
THERM  as  a  black  box.  Temperature  Array  ~  Converted  from  Celsius  to  Kelvin 


Parameter  Array 
sf^  :  =  atmos_2^  ^ 

emis^ 

=  atmos_2^  ^ 

atmos^  : 
0 

atmos  ^  : 

=  0-h273.l5 
=  atmos_2^  ^  4-  273.15 

^^2 

=  atmos_4^2 

emis^  : 

=  atmos_4^  ^ 

atmos^  : 

=  atmos_4^  ^4-  273.15 

=  atmos_5Q  2 

emis^  : 

=  atmos_5^  ^ 

atmos^  : 

=  atmos_5j  ^  4-  273.15 

=  atmos_6^  ^ 

emis,  : 
4 

=  atmos_6^  ^ 

atmos,  : 
4 

=  atmos_6^  ^  +  273.15 

=  atmos_12^  ^ 

emis^  : 

=  atmos_12^  ^ 

atmos^  : 

=  atmos_12^  ^4-  273.15 

sf 

=  atmos  13q  ^ 

emis^  : 

=  atmos  13^  , 

atmos ^  : 

=  atmos_13j  273.15 

6 

6 

-  0,1 

6 

=  atmos_18^  ^ 

emis.^  : 

=  atmos_18^  ^ 

atmos.^ : 

=  atmos_18j  ^4-273.15 

=  atmos_25^  ^ 

emis.  : 
6 

=  atmos_25Q  ^ 

atmos  ^  : 
8 

=  atmos_25  ^  ^  4-  273 . 1 5 

=  atmos_40Q  2 

emiSg  : 

=  atmos_40Q  ^ 

atmos^ 

=  atmos_40^  ^  +  273.15 

sf 

:  =  atmos  41^  ^ 

emis,^ 

:  =  atmos_41^  ^ 

atmos,  „ 

:=atmos_4lj  273.15 

10 

10 

:  =  atmos_43^  ^ 

emiSj^ 

:  =  atmos_43Q  ^ 

atmos 

:  =  atmos_43  ^  ^  -h  273. 1 5 

sf^2  :=atmos_50^  ^emis^^  :  =  atmos_50^  ^ 

sf^^  :  =  atmos_52^  ■~^tmos_52Q  ^ 

sf_  .  =  atmos  53^  ^emis,,  :  =  atmos  53^  , 
14  —  0,2  14  —  0,1 

:  =  atmos_54^  ^emis^^  :=atmos_54^  ^ 
sf^  :=atmos  65^  ^emis,^  :  =  atmos  65.  , 

16  —  0,2  16  “  U,  1 

sf^^  :  =  atmos_75^  ^emis^^  :  =  atmos_75^  ^ 
sf  ^  :  =  atmos_85.  ^emis,_  :  =  atmos_85 

18  0,2  18  u, 1 


atmos :=atmos_50^  ^4-273.15 
atmos^^  :  =  atmos_52^  ^  +-  273.15 
atmos,,  :  =  atmos  53,  .-h  273. 15 
atmos^^  :=atmos_54j  273.15 
atmos,^  :  =  atmos  65,  .^273.15 

16  ~  1,3 

atmos^^  :=atmos_75j  273.15 
atmos^g  :=atmos_85j  273.15 


The  material  properties  and  temperatures  are  shown  below 
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1 
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1 

a 

1 
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1 
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1 
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m 
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1 

1 

m 

1 

:li' 

1 

n 

0.4 

o 

1 

14 

0.4 

J 

....0  i 

0 

■ 

0.975 

# 

0.93 

m 

0.955 

B 

0.935 

m 

0.9 

i 

0.925 

i 

0.955 

8 

0.95 

■ 

0.965 

SI 

0.95 

0.915 

0.72 

0.79 

1 

0.925 

atmos  = 


. .  ft' 

261.026 

m 

263.761 

1 

263.556 

S 

263.842 

■ 

261.34 

263.277 

1 

269.189 

■ 

266.701 

262.463 

Ii 

263.051 

ft 

263.9 

1 

269.61 

B 

262.775 

m 

269.407 

269.527 

ref  ;  =  0..  I 


T  bb  , 

—  ref 


300 

m 


Convert  the  temperatures  to  radiance  values  using  the  Plank  equation. 


k;=1.3810'^^ 

k  -  Boltzmann  constant  (J/K) 

c  :  =  2.99792459- 10* 

c  -  speed  of  light  (m/sec) 

h:  =  6.6261 76-1  O'*"* 

h  -  Planck's  constant  (J/sec) 

jmin  8 

jmin  -  minimum  wavelength  (gm)  in  the  bandpass  of  interest 

jmax  =14 

jmax  ~  maximum  wavelength  (gm)  in  the  bandpass  of  interest 

n  :  =  .1 

n  -  wavelength  increment  for  bandpass  (gm) 

^  jmax  ~  jmin 

n 

p  -  number  of  steps  in  the  bandpass  of  interest 

J  :  =  0..(p-  1) 

j  -  index  for  the  wavelength  array 

L  :  =  (j-n-t-jmin)- 10"^ 

"  in  the  bandpass  of  interest 

L(^, atmos)  :  =  - 


2-h-c^ 


h-c 


5  X  k  atmos  ■, 
A  •  \e  -  1 


L_bb(X,T_bb) 


2hc^ 


he 


j_5leX.k.T_bb_i 


L_ground^^^  : = ^  Resp^ '  ^  ( V  ^^^^mats)  ^  ^ 

J 


L_bb_ground^^^  :=^~|Resp.L_bb  (l. ,  T_bb^^^^  ■  (n- 1  O' 


Integrate  the  surface  radiance  across  the 
bandpass  of  interest  (8-14  gm)  -  including 
the  sensor  response  function. 

Calculated  at  A ym  increments 

AL_bb  :  =  L_bb_ground^  -  L_bb_groundQ 
AL  bb  =0.615 


Propagate  the  radiance  of  the  target  to  the  radiance  reaching  the  sensor  using  the  big  equation,  simplified  for 
use  in  the  LWTR  and  assuming  a  shape  factor  of  1 .0 


var  ;=0..  3 
Lbs:  =  20.41 
r  :  =  1  -  emis 

mats  mats 

x2  :  =  .92 
Lgs  =2.51 
Lds;= 4.289 


x2v 


Luv  :  = 

var 


Ldv 


.89 

2 

3.5 

.90 

2.25 

4 

.91 

2.51 

4.289 

.93 

3 

4.5 

L  xl  sensor  ;=remis  -L  ground  ^  -hTsf  -Ldc-t-fl-sf  VLbsl-r  1-x2v  -hLgs 

“  -  mats  L  mats  mats  [  mats  \  mats/  J  matsj  0 

L  x2  sensor  :=remis  -L  ground  *  ^  [ sf  -Lds-hfl-sf  VLbsl-r  l-x2v  -hLgs 

L  x3  sensor  ;=remis  L  ground  *  -t-Tsf  -Lds-hfl-sf  l-Lbsl-r  l-x2v  -hLgs 

-  -  mats  [  mats  mats  [  \  J  ^ 

L  x4  sensor  :=remis  -L  ground  ,  i-Tsf  -LdE-hfl-sf  VLbsl-r  l-x2v  -hLgs 

—  —  mats  [  mats  mats  [  mats  \  mats/  j  matsj  3 

L  lul  sensor  ,  :  =  |emis  -L  ground  ^  -hTsf  -Lds-hfl-sf  ,  VLbsl-r  l-x2-h  Luv 

L  lu2  sensor  ^  =remis  -L  ground  ,  -hTsf  -Lds-hfl-sf  ,VLbsl-r  I  x2*f-Luv 

—  —  mats  [  mats  — ®  mats  [  mats  V  J  matsj  1 

L  lu3  sensor  ^  :=|emis  -L  ground  *  -h  [ sf  -Lds+fl-sf  VLbsl-r  l-x2-h  Luv 

L  lu4  sensor  :  =  remis  -L  ground  ^  1- [” sf  -Lds-t-fl-sf  VLbsl-r  l-x2i-Luv 

-  -  mats  [  mats  mats  [  \  J  ^ 


L  ld2  sensor  ,  : 

—  —  mats 


•L  ground  ,  -hTsf  ■  Ldv_ -t- f  I  -  sf  VLbsl-r  l•x2^-L|l£ 

5  — ^  mats  L  mats  0  V  mats/  J  matsj  ^ 

t2  'f-  L^£ 


L  Idl  sensor  ,  :  =  remis  • 

—  —  mats  L  mats  .. — -  l  - -  \  - /  j  - 

:  =  remis  -L  ground  .-hTsf  -Ldv. -hfl-sf  l-Lbsl-r 

I  mats  mats  |_  mats  1  V  mats/  J  mats 

■L  ground  .-f-Tsf  -Ldv.-hfl-sf  1-Lbsl-r 

ts  — ^  mats  L  mats  2  \  mats/  J  mats 


:  =  r  ends 


^-^^^-^^^^‘^^mats  L  mats~-^  mats'  ["mats  2'  \  mats/  J  matsj 

L  ld4  sensor  ^  ;  =  remis  -L  ground  ,  -hTsf  -Ldv  -hfl-sf  .VLbsl-r  1- 

—  —  mats  I  mats  mats  [  mats  3  V  mats/  J  matsj 


■  x2  -h  L[iS 
x2  -h  LgS 


Join  the  individual  sensitivity  arrays  so  that  the  final  senstivity  can  be  found. 


T  T 

Ltl  :  =  stack  l^L_Tl_sensor  ,L_x2_sensor 


T  T 

Lt2  :  =  stack  IL  x3  sensor  ,L_T4_sensor 


Ldl  =  stack iyL_ldl_sensor^,L_ld2  sensor^ 


Lul  =  stack  I L  lul  sensor^,  L  lu2  sensor^ 


Lt  :==stack(Ltl  ,Lt2)  Lu  :  =  stack(Lul,Lu2) 

Write  out  the  results  of  the  sensitivity  analysis 


Ld2  :  =  stack i^L_ld3_sensor^,L_ld4_sensor^ 
T 

Lu2  :  =  stack  I^L_lu3_sensor  ,L_lu4_sensor  j 
Ld  :-stack(Ldl,Ld2) 


sens_x^  :  =  slope  (x2v,Lt*^^^) 

sens_x.^  :  =  slope  (x2v,  Lt*^^^ ) 

sens_Xj^  :  =  slope  (x2v,Lt"^^^^ 

sens_X2  :  =  slope  (x2v,  Lt^^^ ) 

sens_Xg  :  =  slope  (x2v,  Lt*^^^ ) 

sens_Xj^  slope (x2v,Lt^^'^^ 

sens_x^  :  =  slope  (x2v,Lt*^^^) 

sens_x^  ■  slope  (x2v,  Lt"^^^ ) 

sens_Xj^  :  =  slope  (x2v,Lt^^^^ 

sens_x^  =  slope  (x2v,Lt^^j 

sens_XjQ  "  slope  (x2v,Lt^^^^) 

sens_Xj^  :  =  slope  (x2v,Lt^^^^ 

sens_x^  :  =  slope  (x2v,Lt^^^) 

sens_Xjj  :  =  slope  (x2v,Lt'^^^^) 

sens_x^.^  :  =  slope  (x2v,Lt*^^'^^ 

sens_T^  :  =  slope  (x2 v,  Lt^  ^ ) 

sens_Xj2  :  =  slope (x2v,Lt*^^^^) 

sens  x,„  :  =  slope (x2v,Lt"^^^^ 

1  o 

sens_Lu  ^  :  =  slope  l^Luv ,  Lu 
sens_Lu  :  =  slope  (luv  ,  Lu 


,<i> 


<2>^ 


sens_Lu  :  =  slope  [Luv ,  Lu 


<3>^ 


sens_Lu.^ 

sens_Lu^ 

o 

sens  Lu^ 


:  slope  (^Luv,  Lu 


<7>^ 


sens_Lu^^  :  =  slope  (^Luv, Lu 


<13>^ 


=  slope  (Luv,Lu 


<8>'\ 


sens_Lu  :=  slope  (^Luv,Lu 


slope  (,Luv,Lu 


<9>^ 


14 

sens_LUj^  : 


<14>^ 


sens_Lu  :  =  slope  l^Luv,  Lu 


<4>^ 


sens_LUjQ  slope  ( Luv, Lu 


<io>^ 


=  slope  (Luv,Lu 


sens_Lu^ 


sens_Lu  :  =  slope  l^Luv,  Lu 


<5>^ 

^  / 

<6>^ 


-  slope  (luv  ,  Lu"^^^^ ) 
sens_Lu^^  :  =  slope  (luv, Lu^^^^ ) 


sens_Lu  ;  =  slope  (Luv,  Lu 


<ii>^ 


11  ■ 

sens_LUj2  ■  - 


sens_LUj.^ 


slope  (^Luv,Lu 


<12> 


sens_Ld^  ;= slope  l^Ldv,Ld 


j<i> 


sens_Ld  :  =  slope  l^Ldv ,  Ld 


^<7> 


slope  l^Luv,  Lu*^^^^ ) 
sens  Lu„  ;-slope(Luv,Lu^^^^) 

lo 

;_Ld,,  :  =  slope(Ldv,Ld^'^^) 


sens_Ld  :  =  slope  (^Ldv, Ld 


j<2>^ 


sens_Ld  ;  =  slope  (^Ldv,Ld 


j<8> 


sens_Ld  ;  =  slope  (^Ldv.Ld 


,<3>^ 


sens_Ld  :  =  slope  (Ldv,  Ld 


i<4>^ 


sens_Ld^ 


^<9>^ 


sens_Ldg 


:  slope  (^Ldv,Ld 


,<5> 


sens_Ld  :  =  slope  (Ldv ,  Ld 


,<6>^ 


slope  l^Ldv,Ld 
sens_Ld^Q  :  =  slope (Ldv,Ld*^^°^) 
sens_Ldj^  :  =  slope (Ldv,Ld^^^^) 
sens_Ld  :  =  slope  (Ldv,Ld'^^^^) 


sens 

sens 

sens 


Ld^^  slope  (Ldv,Ld^^'^^] 
Ld  :  =  slope  (Ldv,Ld^^^^) 


sens_Ld^^  :  =  slope (Ldv,Ld 
;_Ld  :  =  slope  (Ldv,Ld 


<16>^ 


<17>  1 


tsens  T  : 


sens_x 
AL  bb 


tsens  Lu  :  = 


12 

sens_Lu 
AL  bb 


sens 


sens_Ld  :  =  slope  (Ldv,Ld"^^^^) 


tsens  Ld ;  = 
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AL  bb 
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Meteorological  Parameter  Sensitivity  Results  -  Transmission 

The  following  graphs  show  the  change  in  radiance  at  the  sensor  as  the  material  parameter  of  the  object  on 
the  ground  was  varied.  The  resulting  linear  regression  shows  the  final  output  sensitivity  of  the  material 
parameter. 


Transmission  Sensitivity  -  Material  2 


sens_T^  =  19.813 


Transmission  Sensitivity  -  Material  4 


sens_X2  =  20.139 


Transmission  Sensitivity  -  Material  5  Transmission  Sensitivity  -  Material  6 


sens_T^  =  20.483 


sens  X.  =  20.255 

—  4 


Sensor  Radiance  Variation  (L)  Sensor  Radiance  Variation  (L) 


Meteorological  Parameter  Sensitivity  Results  -  Upwelled  Radaince 


Upwelled  Rad  Sensitivity  -  Material  2 


Upwelled  Rad  Variation  (L) 

^  Material  Radiance 
sens_Lu^  =  1 


Upwelled  Rad  Sensitivity  -  Material  4 


upwelled  Rad  Variation  (L) 

^  Material  Radiance 
sens_Lu2  =  1 


Upwelled  Rad  Sensitivity  -  Material  5 


upwelled  Rad  Variation  (L) 

^  Material  Radiance 
sens_Lu^  =  1 


Upwelled  Rad  Sensitivity  -  Material  6 


Upwelled  Rad  Variation  (L) 

^  Material  Radiance 

sens  Lu  =  1 
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Sensor  Radiance  Variation  (L)  to  to  Sensor  Radiance  Variation  (L) 


Meteorological  Parameter  Sensitivity  Results  -  Downwelled  Radaince 


Downwelled  Rad  Sensitivity  -  Material  2  Downwelled  Rad  Sensitivity  -  Material  4 


Downwelled  Rad  Variation  (L)  Downwelled  Rad  Variation  (L) 

^  Material  Radiance  ^  Material  Radiance 

sens_Ld  j  =0.023  sens_Ld2  =  0.064 


Downwelled  Rad  Variation  (L) 

^  Material  Radiance 


Downwelled  Rad  Variation  (L) 

^  Material  Radiance 


sens_Ld^  =0.041 


sens  Ld^  =0.06 
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set  junk='cat  $ORIENTATION_FILE  I  psie  - 
set  SHAPE_FACTOR=$junk[l) 
set  ZENn'H=$junk[2] 
set  AZIMUTH=$junk(31 
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#iterale  and  go  lo  the  next  material  number 

set  wcather_countcr=‘ccho  $wcaiher_counter  +  !  I  be  -1 


#  clear  a  new  FINAL  output  file  which  contains  the 

#  material  parameter  and  the  resulting  temperature 

set  RNAL  nLE=  insol_${MATlD)‘.pm‘ 


set  COUNTBR='ccho  $COUNTER  +  1  I  be  -1 


Material  Parameter  Modifications  &  Sensitiviy  Analysis 
Material  Type:  Asphalt  Shingle 

Read  in  the  resulting  output  file  from  THERM  for  each  of  the  material  parameters  8c  determine  the  number  of 


elements  in  the  array. 
heat_capacity  :  =  READPRN(hc_65) 
thermal_conductivity  :  =  READPRN(tc_65) 
thickness  :  =  READPRN(th_65) 
vis_emissivity  :  =  READPRN(visem_65) 
therm_emissivity  :  =  READPRN(them_65) 
exposed_area_p  :  =  READPRN(xpp_65) 
exposed_area_n  :  =  READPRN(xpn_65 ) 
SGP  =READPRN(sgp_65) 
shape_factor  :  =  READPRN(  sf_65 ) 


he  :  =  0 . .  rows(  heat_capacity )  -  1 
tc  :=0..  rows(thermal_conductivity)  -  1 
th  :  =  0..  rows( thickness ) -*  1 
visem  :  =  0..  rows(vis_emissivity)  -  1 
them  rows(therm_emissivity)  -  1 
expp  :  =  0..  rows(exposed_area_p)  -  1 
expn  :  =  0 ..  rows( exposed_area_n)  -  1 
sgp  :  =  0..  rows(SGP)  -  1 
sf : "  0 . .  rows(  shape_factor )  -  1 


Read  in  the  material  ID,  shape  factor,  emissivity,  and  baseline  temperature  for  used  in  the  'Big  Equation' 
generic_file  :  =  READPRN(  gen_65 ) 


Create  a  reference  blackbody  temperature  difference  to  relate  the  sensivitiy  values  of  all  the  material 
parameters 

ref:  =  0..  1  T_bb,r  = 

301 


Read  in  the  sensor  responsivity  file  >  Bendix  line  scanner 
Resp  :  =  RE ADPRN(  bendix) 


Parameter  Temperature  Parameter  Temperature 


'0.26  -7.207“ 

'  5.93  -7.278^ 

0.288  -7.229 

5.991  -7.277 

0.316  -7.249 

I 

6.053  -7.276 

heat_capacity  = 

0.343  -7,267  1 

1 

thermal_conductivity  = 

6.114  -7.276 

0.371  -7.283 

6.176  -7.275 

0.399  -7.298 

6.237  -7.274 

0.427  -7.312  1 

6.298  -7.274 

0.455  -7.324] 

6.36  -7.273 

'  0.73  -7.275' 

'0.9  -7.263' 

0.761  -7.275 

0.904  -7.268 

0.793  -7.275 

0.908  -7.273 

0.824  -7.275 

0.913  -7.279 

vis_emissivity  = 

therm_emissivity  = 

0.856  -7.275 

0.917  -7.284 

0.887  -7.275 

0.921  -7.29 

0.918  -7.275 

0.925  -7.295 

0,95  -7.275 

0.929  -7.3 

Read  in  the  variation  in  temperature  that  was  caused  by  the  variation  in  the  material  parameter  values,  treating 
THERM  as  a  black  box. 


Parameter  Array 


Temperature  Array  -  Converted  from  Celsius  to  Kelvin 


P__hc  :  =  heat_capacity"^^^ 

P_tc  :  =  thermal_conductivity'^^ 

P_th  ;  =  thickness'^^ 

^  -  .  .  ■^<o> 

P__visem  :  =  vis_emrssivity 

P_them  :  =  therm_emissivity"^^^ 

P_expp  :  -  exposed_area_p'^^^ 

P_expn  :  =  exposed_area_n^^^ 

P_sgp  =80?”^^ 

P_sf  ;=shape_factor*^^ 


T_hc  :=heat_capacity^^^  -f-  273,15 
T__tc  : = thermal_conducti vity  ^ ^  -i-  273 . 1 5 
T_th  ;=thickness'^^^  273.15 
T_visem  :  =  vis_emissivity*^^^  -h  273.15 
T_them  :=therm_emissivity^^^  +  273.15 
T_expp  ;~exposed_area_p''^^  -h  273.15 
T_expn  :  =  exposed_area_n^^ ^  -h  273 . 1 5 
T_sgp:  =  SGP^‘^+ 273.15 
T_sf  :=  shape_factor^^^  +  273. 15 


Convert  the  temperatures  to  radiance  values  using  the  Plank  equation. 


k:=1.38-10'^^ 
c  :=  2.99792459- 10* 
h:  =  6.626176  10'*'‘ 
jmin  =8 
jmax  =14 
n:  =  .l 


k  -  Boltzmann  constant  (J/K) 
c  -  speed  of  light  (m/sec) 
h  -  Planck's  constant  (J/sec) 

jmin  -  minimum  wavelength  (gm)  in  the  bandpass  of  interest 
jmax  -  maximum  wavelength  (gm)  in  the  bandpass  of  interest 
n  -  wavelength  increment  for  bandpass  (gm) 


jmax  -  jmin 
n 

J  -0..(p-  1) 


p  -  number  of  steps  in  the  bandpass  of  interest 
j  -  index  for  the  wavelength  array 


:  =  ( j  •  n  -I-  jmin)  •  10"^  7  -  in  the  bandpass  of  interest 


L_hc(^,T_hc) 


2h-c^ 


he 


L_tc(X,T_tc)  ;  =  - 


2-h-c 


h-c 


.  5  X-k-T  tc  .  , 

I  -  -  1 


L_th(X,T_th)  :  =  - 


2h-c^ 


h-c 


>  5  X-k-T  th  , 

X  -\e  -  -  1 


L_visem(X,T_visem)  :  = 


2hc 


h-c 


5  I  X-k-T  visem  , 
^  ■  \e  -  -  I 


L_thein().,T_them)  :  = 


L_sgp().,T_sgp)  ;= 


2-h-c^ 

/  - - 

1  Lk-T  them  , 

\e  -  -  1 

2hc^ 


L_expp(^,T_expp)  :  =  - 


2h-c 


h-c 


Texpp 


-  1 


L_expn(  X ,  T_expn) 


2hc 


he 


/ 

j^5  ^^X-k-T  expn 


L_st(X,T_sf)  :  = 


2hc 


2hc 


1  h-c  \ 

/h-c  ^ 

e^-lc-T_sf_  ij 

Integrate  the  surface  radiance  across  the  bandpass  of  interest  (8-14  \mi)  -  including  the  sensor  response 
function.  Calculated  at .  1  //w  increments 

L_hc_ground^^  :  =  ^Resp/L_hc(x. , T_hc^J  ■  (n- 10'^) 

J 

L_th_ground^  ■ = ^  Resp^  •  L_th  ,  T_th^j^^  ■  (n- 1 0' 

J 

L  visem  ground  .  Resp.-L  visemfX.,!  visem  .  V(n-10'v 

—  — ^  visem  /  I  J  ■“  \  J  ~  visem/  ^  ' 

J 

L_them_ground^^^  :  -  ^  Resp^  •  L_them  (X. ,  T_them^^ j  •  (n- 1  O' 

J 

L_tc_ground^^  •  Resp^  ■  L„tc  ,  T_tc^^j  •  (n- 1  O' 

J 

L_expp^ground^^pp  =  ^  Resp .  •  L_expp  (l, ,  T^expp^^p  J  •  (n- 1  O' 

J 

L_expn_ground^^p^  :  =  Resp^ •  L_Qxpn(l^ ,  T_expn^^p^j  •  (n- 1  O' 

j 

L_sgp_ground^^  :=^Resp|L_sgp(X.,T_sgp^J  -  (n- 10'^) 

j 

L_sf_ground^^  :  =  ^  Resp^  ■  L_sf ,  T_sf  •  (n- 1  O' 

L_bb_ground^^^  : = Resp^ ■  L_bb  ,  T_bb^^^j  •  (n- 1  O'  AL__bb  :  =  L_bb_ground ^  -  L_bb__groundQ 

J  AL_bb  =0.615 


Propagate  the  radiance  of  the  target  to  the  radiance  reaching  the  sensor  using  the  big  equation,  simplified  for 
use  in  the  LWIR  and  assuming  a  shape  factor  of  1 .0 

8  -genericjile^  ^  Lgs  ;=2.51  Lds  :  =  4.289  <l  :=.9  Lbs  :  =  20.41  r  :=  1  -  s  F  :  =  genenc_fileQ^ 

L_hc_sensor^^  -  |^s-L_hc_groundj^^^  (F  Ldsi-  ( 1  -  F)-Lbs)'rj-x2  -f-  Lgs 
L_tc_sensor^^ ;  =  ^ s- L_tc_ground^^  +  (F-Lds-f  ( 1  -  F)-Lbs)-rJ-T2  +  Lgs 
L_th_sensor^  '-\ s-L_th_ground^  t  (F  Lds -^  ( 1  -  F)-Lbs)-rj  T2  -h  Lgs 
L  visem  sensor.  :  =  |e-L  visem  ground.  i- (F-Lds-h  ( 1  -  F)-Lbs)-r  1x2 +■  Lgs 

-  —  visem  [  —  visem  ^  ^  J 

L_them_sensor^^^  s-L_them_ground^j^^^  ^  (F  Lds-h  ( 1  -  F)-Lbs)  rj  x2  -f  Lgs 
L_expp_sensor^^pp  \  £■  L_expp_ground^^pp  -h  (F  Lds-i-  ( 1  -  F)-Lb8)  rj-x2  -i-  Lgs 
L_expn_sensor^^p^  :=  [ e-L_expn_ground^^p^  (F-Lds-h  ( I  -  F)*Lbs)*rj-x2  -h  Lga 
L_sgp_sensor^^  -  i  £•  L_sgp_ground^^  ^  (F-Lds-i-  ( 1  -  F)  Lbs)  rJ  x2  t-  Lg£ 

L_sf_sensor^^  :  =  j^s*L_sf_ground^^-h  (F  Lds  +  ( I  -  F)-Lbs)-rj*x2  -h  Lgs 


Write  out  the  results  of  the  sensitivity  analysis  to  an  output  file 


sens^  :  -  slope ( P_th, L__th_sensor ) 
sens^  :-slope(P_tc,L__tc_sensor) 
sens^  =  slope  ( P_hc,  L_hc_sensor) 
sens^  :  =  slope(P_visem, L_visem_sensor) 
sens 

temp_sens  :  - -  temp_sens  =65 

AL  bb 


sens^  ;  =  slope  ( P_them ,  L_them_sensor ) 
sens^  ;  =  slope( P_expp ,  L_expp_sensor ) 
sens^  :  =  slope(P_expn,L_expn_sensor) 
sens.^  :  =  slope(P_sgp,L_sgp_sensor) 
senSg  :  =  slope  (P_sf,L_sf_sensor) 


TH  TC  HC  Visem  Them  Expp  Expn  SGP  SF 

sens'*' =  (-0.1 17  0.004  -0.209  -6.863*10“*^  -0.449  -1.459  1.883  0.468  -3.654) 


temp_sens 


T 


p 

3 

■  2 

2 

4 

J 

i 

i 

&■ 

-0.191  1 

0.006 

-0.34 

-1.116.10'*^ 

-0.729 

-2.372 

3.061 

0.761 

-5.939 

APPENDPRN( materials)  :  =  temp_sens^ 


Material  Parameter  Sensitivity  Results  -  Asphalt  shingle 


The  following  graphs  show  the  change  in  radiance  at  the  sensor  as  the  material  parameter  of  the  object  on 
the  ground  was  varied.  The  resulting  linear  regression  shows  the  fmal  output  sensitivity  of  the  material 
parameter. 


Thickness  Sensitivity 


Generic  Material  Radiance 
sens^  =-0. 1 17 


Heat  Capacity  Sensitivity 


Heat  Capacity  Variation 

^  Material  Sensitivity 
~  ■  Generic  Material  Radiance 


sens^  =-0.209 


Thermal  Conductivity  Sensitivity 


Thermal  Conductivity  Variation 

Material  Sensitivity 
Generic  Material  Radiance 


sens^  =0.004 


21.48 


Visible  Emissivity  Sensitivity 


0.8  0.9 

Visible  Emissivity 

Material  Sensitivity 
■  ■  Generic  Material  Radiance 


sens^  =-6.863  MO 


-13 


Sensor  Radiance  Variation  (L)  Sensor  Radiance  Variation  (L) 


Material  Parameter  Sensitivity  KtsxAts  -  Asphalt  shingle 
Continued 


Thermal  Emissivity  Sensitivity 


Thermal  Emissivity  Variation 

^  Material  Sensitivity 
■  "  Generic  Material  Radiance 


sens.  =“0.449 

4 


Self  Generated  Power  Sensitivity 


Self  Generated  Power  Variation 

^  Material  Sensitivity 
~  "  Generic  Material  Radiance 


Exposed  Area  Sensitivity 


^  Material  Sensitivity 
“  Generic  Material  Radiance 

sens^  =-1.459 

sens,  =  1 .883 
6 


Shape  Factor  Sensitivity 


Shape  Factor  Variation 

^  Material  Sensitivity 
'  "  Generic  Material  Radiance 


sens.^  =  0.468 


senSg  =-3.654 


Read  in  ihc  material  II)  and  the  thickness  for  the  sensitivity  analysis 
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#  clear  a  new  RNAL  output  file  which  contains  the 

Material  Parameter  Variation:  Ihcimal  (ronductiviiy  ...  #  material  parameter  and  the  rc.sulting  temperature 
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#  set  the  initial  heat  capacity  #  create  a  temporary  File  with  these  parameters  in  it  ... 

set  IICAP^VAR=$IIC„M1N  echo  $SND  RLR  >  $INPUTJ1LE 

echo  $WTILf1LE  »  $INPUT_FILE 

set  FINAL_nLE=hcJ${ MAUD)  pm  echo  $OUrPUT_nLE  »  SINPUF  FILE 
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#  create  a  temporary  file  with  lliose  parameters  in  it  ... 
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#  call  ihermal_model(l) 

thcmial  model  <  $INPUT_FI1^E  >  /dev/null 


Time  Dependent  Material  Parameter  Sensitivty  Analysis 
Material  Type:  Asphalt  -  0600 

Read  in  the  resulting  output  file  from  THERM  for  each  of  the  material  parameters  &  determine  the  number  of 


elements  in  the  array. 

heat_capacity  :  =  READPRN(hc__5_06) 
thennal_conductivity  :  =  READPRN(  tc__5_06  ) 
thickness  :  =  READPRN(th_5_06) 
vis_emissivity  ; = READPRN(  vem_5_06 ) 
therm_emissivity  :  =  RE ADPRN(  tem_5_06 ) 
exposed_area_p  :  =  READPRN(xpp_5_06) 
exposed_area_n  :  =  READPRN(xpn_5__06) 
SGP  :  =  READPRN(sgp_5_06) 
shape_factor  ;  =  READPRN(  sf_5_06 ) 


he  :  =  0..  rows(heat_capacity)  -  1 
tc  :-0..  rows(thermal_conductivity)  -  1 
th  :=0..  rows( thickness)  -  1 
visem  ;  =  0 . .  rows(  vis_emissivity )  -  1 
them  :  =  0..  rows(therm_emissivity)  -  1 
expp  :  =  0..  rows(exposed_areajp)  -  1 
expn  :  =  0..  rows(exposed_area_n)  -  1 
sgp  :  =  0..  rows(SGP)  -  1 
sf ;  =  0 . .  rows(  shape_factor)  -  1 


Read  in  the  material  ED,  shape  factor,  emissivity,  and  baseline  temperature  for  used  in  the  'Big  Equation' 
genenc_file  :  =  READPRN(gen_5) 


Create  a  reference  blackbody  temperature  difference  to  relate  the  sensivitiy  values  of  all  the  material 
parameters 

ref  =0..  1  T_bb^^^:^ 

300“ 


Read  in  the  sensor  responsivity  file  >  Bendix  line  scanner 
Resp  :  =  READPRN(  bendix) 


P  arameter  T  emperature 


P  arameter  T  emperature 


heat_capacity  = 


'0.26  -10.066' 

■  5.93 

-10.152  I 

0.289  -10,05 

6.877 

-10.111 

0.318  -10.033 

7.823 

-10.069 

0.348  -10.015 

thermal_conductivity  = 

8.77 

-10.027 

0.377  -9.997 

1 

9.716 

-9,985 

0.406  -9.979 

.  j 

i 

10.663  -9,943 

0,435  -9.96 

11.609  -9.902 

0.464  -9,941 

12.556  -9.86 

'0.77  "10.014' 

0.796  -10.012 
0.821  -10.009 
0.847  -10.007 

vis  emissivitv  = 

0.873  -10.005 
0.898  -10.002 


'0.93  -9.953 

0.937  -9.968 
0.944  -9.983 
0.951  -9.998 

therm  emissivitv  = 

0.958  -10.013 

) 

0.966  -10,028 
0.973  -10.042 
0.98  -10,057 

'6.486  -9.953 

8.528  -9.986 

10.571  -10.025 

thickness  = 

12.614  -10.06 
I  14.657  -10.089  | 
I  16.7  -10.113] 


■-0.5  -11.669' 
-0,4  -11.098 
-0.3  -10.407 

exposed  area  n  = 

-0.2  -9.562 
-0.1  -8.522 
0  -7.373 


'  0  -7.373 

0.1  -8.488 
0.2  -9.409 

exposed  area  p  = 

0.3  -10.177 
0.4  -10.819 
0.5  -11.361 


'O  0 
0.25  -2.59 
shape_factor  =  0.5  -5.129 

0.75  -7.598 
1  -10.006 


Read  in  the  variation  in  temperature  that  was  caused  by  the  variation  in  the  material  parameter  values,  treating 
THERM  as  a  black  box. 


Parameter  Array 
P_hc  ;  =  heat_capacity 


<o> 


P  tc  :  =  thermal  conductivity 


<o> 


P  th  :  =  thickness 


<o> 


P_visem  :  =  vis_emissivity 


<o> 


<o> 


P_them  ;=therm_emissivity 
P_expp  :  =  exposed_area_p^^ 


P_expn  :  =  exposed_area_n 


<o> 


,<o> 


P_sgp  :  =  SGP 
P_sf  :  =  shape_factor 


<o> 


Temperature  Array  -  Converted  from  Celsius  to  Kelvin 
<i> 

t 

<i> 


T_hc  ;  =  heat_capacity''"^  +  273.15 


T_tc  : = thermal_conductivity "  +  273 . 1 5 
T_th  :  =  thickness^^^  +  273.15 

,  .  .  <i>  ^ 

T  visem  :  =  vis_emissivity  +  27 3 . 1 5 


<1> 


T_them  :  =  therm_emissi vity  +  27 3 . 1 5 


T_expp  ;”exposed_area_p'^^^  +273.15 


<i> 

T_expn  :  =  exposed_area_n  +273.15 

T_sgp  :  =  SGP^‘^  +  273.15 
T_sf  :  =  shape_factor'^*^  +  273.15 


Convert  the  temperatures  to  radiance  values  using  the  Plank  equation. 
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k- 1.38- 10 
c  :  =  2.99792459- 10‘ 
h;  =  6.62617610‘^‘‘ 
jmin  :  =  8 
jmax  :  -  14 
n  .  1 


k  -  Boltzmann  constant  (J/K) 
c  '  speed  of  light  (m/sec) 
h  -  Planck’s  constant  (J/sec) 

jmin  -  minimum  wavelength  (gm)  in  the  bandpass  of  interest 
jmax  “  maximum  wavelength  (gm)  in  the  bandpass  of  interest 
n  -  wavelength  increment  for  bandpass  (gm) 


;  n  p  -  number  of  steps  in  the  bandpass  of  interest 


J  -0..(p-  1) 


j  -  index  for  the  wavelength  array 


L  ;  =  ( j  -  n  +  jmin)  10°  X  -  in  the  bandpass  of  interest 


L_hc()i,T_hc) 


L_th(X,T_th)  :  =  - 


2-h-c^ 

L_tc(A.,T_tc) 

2-h-c^ 

/  h-c  \ 

/  h-c  \ 

Lvk.T>_  ,j 

^5^^X.k.TJc_ij 

2hc 


he 


-  5  X-k-T  th 

I  -  \q 


L_visem(>.,T_visem) 


2hc^ 


h-c 


*  5  I  A,-k-T  visem  ■, 

X  -le  -  -  1 


Integrate  the  surface  radiance  across  the  bandpass  of  interest  (8-14  gm)  -  including  the  sensor  response 
function.  Calculated  at .  1  //w  increments 

L_hc_ground^^  =  ^  Resp^  •  L_hc(l. ,  T_hCj^  J  •  (n*  1  O' 

j 

L_th_ground^  :  =  Resp^  •  L_th  *  (n*  1 0" 

J 

L  visem  ground  .  :-}  Resp.  L  visemfX.,T  visem  .  Vln  lO'W 

J 

L_them_ground^^^  : = Respy  L_them  f L ,  T_them^^^^  •  (n- 1 0" 

j 

L_tc_ground^^  :=^Resp/L_tcfL,T_tcJ-  (n- 10'^) 

J 

L_expp_ground^^pp  ;  =  ^  Resp^  ■  L_expp  ^  L ,  T_expp^^pp j  ■  (n- 1 0“ 

J 

L_expn_ground^^p^  ~^~|Resp.-L_expn(^A., T__expn^^^^j •  (n- 10"^) 

J 

L_sgp_ground^^  :=^RespyL_sgp(L,T_sgp  J •  (n- 10'^) 

J 

L_sf_ground^^  : = ^  Resp^  •  L_sf ,  T_sf  -  (n- 1  O' 

J 

L_bb_ground^^^  =  ^  Resp^  •  L_bb  ,  T_bb^^^j  *  (n- 1 0"  AL_bb  :  =  L_bb_ground ^  -  L_bb_groundQ 

J  ALbb  =0.615 


Propagate  the  radiance  of  the  target  to  the  radiance  reaching  the  sensor  using  the  big  equation,  simplified  for 
use  in  the  LWIR  and  assuming  a  shape  factor  of  1 .0 

£ :  ^  generic_file^  ^  Lg£  :  =  2.5 1  Lds :  =  4.289  x2  :  =  .9  Lbe  :  =  20.4 1  r  :  =  1  -  s  F  :  =  generic_file^^ ^ 


L_hc_sensor^^  ~  [s'L_hc_ground^^-h  (F-Lds-h  ( I  -  F)‘Lbs)  rj'x2  4-  Lgs 
L_tc_sensor  T s  L_tc_ground  ^  (F-Lds -h  ( 1  -  F)-Lb8)*rl‘x2  -t-  Lgc 
L_th_sensor^  =  [ s  L_th_ground^  -h  (F-Lds ( 1  -  F)  Lb£)-rj-x2  Lg£ 

L  visem  sensor.  visem  ground.  ^  (F-Lds  i- ( 1  -  F)-Lb£)r  |•x2  +  L|i£ 

-  -  visem  [  —  visem  ^  j 

L_them_sensor^^^  :=  |  £-L_them_ground^^^  +-  (F-Lds i-  ( 1  -  F)-Lb£)-r|x2  +  Lgs 
L_expp_sensor^^pp  •“  [s  L_expp_ground^^pp  ^  (F-Lds -h  ( 1  -  F)-Lb£)-rj-x2  -h  Lgs 
L__expn_sensor^^p^  :-r£-L_expn_ground^^p^ -h  (F-Lds -h  (1  -  F)-Lb£)-rj-x2  -hLga 
L_sgp_sensor  ^  •  - 1  £’L_sgp_ground^^  i-  (F-Lds -i-  ( 1  -  F)-Lb£)-rj-x2  ^  Lgs 


L_sf_sensor^^  :  =  T  s-  L_sf_ground^^  ^  ( F-  Lds  -h  ( 1  -  F )  •  Lbs)  •  r j  ■  x2  ^  Lgs 
Write  out  the  results  of  the  sensitivity  analysis  to  an  output  file 


sens^  :-0600 

senSj  :  =  slope(P_th,L_th_sensor) 
sens^  :  =  slope(  P_tc,  L_tc__sensor) 
sens.  =  slope  ( P_hc ,  L_hc_sensor ) 
sens^  ;=  slope(P_visem,L_visem_sensor) 


senSg  :  =  sIope(P_them,L_them_sensor) 
senSg  :  =  slope  ( P_expp ,  L_expp_sensor ) 
sens.^  ;  =  slope(P_expn,L_expn_sensor) 
sens_  :  =  slope ( P_sgp, L_sgp__sensor) 

O 

sens^  :  =  slope(P_sf,L_sf_sensor) 


TH  TC  HC  Visem  Them  Expp  Expn  SGP 


n 

ilMiii 
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r''i . i 

r'w  ] 

0 

-0.006 

0.016 
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-0.74 

-2.831 

3.066 

0.396 

P 

Hi 

MM 
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■ . 
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i 

600 

-0.0091 

0.025 ! 

0.354 

0.0531 

-1.2031 

-4.602 

4.983 

SF 

sens 

temp_sens  := - 

AL_bb 

temp_sens^  :  =  0600 


WRITEPRN(time_analysisl )  :  =  temp_sens^ 


Time  Dependent  Sensitivity  Analysis  -  Asphalt  0600 


The  following  graphs  show  the  change  in  radiance  at  the  sensor  as  the  material  parameter  of  the  object  on 
the  ground  was  varied.  The  resulting  linear  regression  shows  the  final  output  sensitivity  of  the  material 
parameter. 


Thickness  Sensitivity 


Thickness  Variation 

^  Material  Sensitivity 

Genenc  Material  Radiance 

sens^  =-0.006 


Heat  Capacity  Sensitivity 


Heat  Capacity  Variation 

Material  Sensitivity 
“  "  Generic  Material  Radiance 


sens^  =0.218 


Thermal  Conductivity  Sensitivity  Visible  Emissivity  Sensitivity 


Thermal  Conductivity  Variation  Visible  Emissivity 

^  Matenal  Sensitivity  ^  Material  Sensitivity 

Generic  Material  Radiance  “  "  Generic  Material  Radiance 


sens^  =0.016 


sens.  =0.033 

4 


Sensor  Radiance  Variation  (L)  ^  Sensor  Radiance  Variation  (L) 


Time  Dependent  Sensitivity  Analysis  -  Asphalt  0600 
Continued 


Thermal  Emissivity  Sensitivity 


Thermal  Emissivity  Variation 

^  Material  Sensitivity 
■  “  Generic  Material  Radiance 


sens^  =-0.74 


Self  Generated  Power  Sensitivity 


Self  Generated  Power  Variation 

^  Material  Sensitivity 
^  ~  Generic  Material  Radiance 


Exposed  Area  Sensitivity 


^  Material  Sensitivity 
~  Generic  Material  Radiance 

sens.  =-2.831 

D 

sens.^  =  3.066 


Shape  Factor  Sensitivity 


Shape  Factor  Variation 

^  Material  Sensitivity 
■  "  Generic  Material  Radiance 


sens.  =0.396 


sens^  =-3.779 
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#  Read  in  the  generic  material  parameters  from  the  DIRSIG  material  file 

#  and  set  those  values  to  variables  in  the  shell  program 

# 

nawk  -f  $(  MASTER  l/tesl.awk  ID=$MATID  $DIRSIG_MAT_FILE  >  $MAT_nLE 
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set  MASS_DENSITY=$Une[3]  #  increment  the  thickness 

set  E_VlS=$line(4]  set  THICKNESS_VAR=  echo  $THICKNESS  VAR  +  $VAR  INCR  I  be  -f 

set  E_THERM=$linc[5J 

set  EXP_AREA=$line(6)  end 

set  TIIICICNESS=$line[7] 
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